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Abstract 
 
Decapod crustaceans are popular seafood items, the subject of significant fisheries and 
aquaculture industries, and play important ecological roles in many aquatic environments. The 
group includes many familiar species such as shrimps, crabs, crayfish and lobsters and several 
distinctive but lesser known forms. In addition to their economic importance, some species are 
used as model organisms for laboratory-based research while others are of interest due to their 
unusual behaviour, morphologies and specialised ecological adaptations. However, given they 
are often a conspicuous part of aquatic faunas, due to their generally large size, commercial 
importance and diversity, relationships among several decapod groups are either still 
unresolved or disputed, making them a group that can benefit greatly from more detailed 
phylogenetic and comparative studies. Inherited maternally, the mitogenome is commonly 
used in molecular phylogenetic studies due to its small genome size, abundance in animal 
tissues and its rapid evolutionary rate. With improved sequencing technologies, speedy and 
inexpensive recovery of mitogenomes has also been made possible via low coverage genome 
sequencing, resulting in rapid increase in the number of such resources deposited in NCBI. 
However, at the commencement of this study, available mitogenomic resources for decapod 
crustaceans were skewed and patchy, with certain groups such as Glypheidea, Polychelida, 
Stenopodidea, Anomura, Axiidea and Gebiidea severely under-represented in public databases, 
resulting in significant gaps in our knowledge of phylogenetic relationships within the 
Decapoda.  This thesis generated mitogenomes for 48 species with a focus on providing better 
representation across all decapod infraorders. 
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Additionally, the main bottleneck for large-scale phylogenetic and comparative analyses is now 
not in the generation of sequence data but in the bioinformatics pipeline to process the often 
overwhelming amounts of data and to convert them into biologically-relevant information.  
This study introduces new features to MitoPhAST (https://github.com/mht85/MitoPhAST) to 
enable nucleotide-based phylogenetic analyses of both mitochondrial and nuclear genes as well 
as large-scale mitochondrial gene order (MGO) comparisons. This then enabled the 
construction of mitogenome-based decapod phylogenies for a total of 246 decapod 
mitogenomes to infer relationships within the Decapoda and large-scale comparative analyses 
of the architecture and genomic composition of decapod mitogenomes. 
 
While the analysis of variation in mitochondrial genes is useful for taxonomic purposes, they 
are often considered limited for the recovery of relationships over a range of evolutionary 
depths. Thus, nuclear genes are often used to provide complementary phylogenetic signals to 
confidently resolve relationships, especially at deeper taxonomic levels. Within this context, 
using what is increasingly referred to as the genome skimming (GS) method, the same low 
coverage genome scans have been shown to be also effective in recovering a number of nuclear 
genes commonly present in the genome in high copy numbers. In this study, I demonstrate the 
application of the GS method on low coverage sequence datasets across 10 decapod 
infraorders, recovering several nuclear genes including histone H3, 18S and 28S rRNA genes 
(previously performed on a smaller crayfish dataset), plus H2A, H2B and H4 histone genes 
that have not been previously recovered using this method. I then explore the potential of GS 
in retrieving sequences of other intronless nuclear genes including several high copy number 
genes across low coverage decapod datasets, and also tested for the presence of 
phylogenetically-informative NaK and PEPCK gene fragments at slightly elevated coverages. 
 
 | 6 
In summary, this study demonstrates the mitogenome as a useful source of information for 
determining evolutionary relationships at multiple levels. This includes the use of differences 
in the architecture and composition of this molecule as phylogenetic makers, as well as the 
traditional use of sequence information. Further, I reveal that low genome coverage datasets 
are potential treasure troves of genetic information and genomic markers that can also be 
incorporated into phylogenetic studies and contribute to comparative genomics. 
 
Keywords: 
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Chapter 1: General Introduction 
 
1.1 Mitochondrial genome 
The mitochondrion, an organelle found in most eukaryotic cells, plays the key role in 
respiration including the synthesis of ATP and other biochemical functions as reviewed by 
Boore (1999). Mitochondria are considered to have originated as endosymbionts in the 
ancestral eukaryote cell and, as a result, they retain their own genetic information as a small 
circular genome (Bernt et al., 2013c, Gray et al., 1999, Sagan, 1967). The animal mitochondrial 
genome, or ‘mitogenome’, is generally 15 to 20 kb in size and typically contains 13 protein-
coding genes (PCGs), 22 transfer RNAs (tRNAs), two ribosomal RNAs (rRNAs) and at least 
one large non-coding control region (Boore, 1999). 
 
1.1.1 Mitogenome as a phylogenetic marker 
Inherited maternally, the mitogenome has been used as the predominant source of molecular 
marker for phylogenetic and DNA barcoding studies due to its abundance in animal tissues, 
its rapid evolutionary rate, and abundant resources on public databases compared to nuclear 
DNA markers since the mid 1990’s (Hillis et al., 1996). Infrequent recombination (e.g. rare 
gene order rearrangements) and strict orthologous relationship of mitochondrial genes add to 
the advantage of utilising mitogenomes to estimate phylogenetic relationships (Timm and 
Bracken-Grissom, 2015). While phylogenetic approaches using the mitogenome have also 
been subject to criticism (Ballard and Whitlock, 2004, Hurst and Jiggins, 2005, Galtier et al., 
2009), sequences from this organelle remain the most abundant publicly-available molecular 
genetic resource and continue to be used widely. Other disadvantages of the mitogenome are 
further elaborated in Section 1.5, making a case for further exploration of broader genome 
skimming methods in this study as a cost-effective way to mine nuclear gene sequences from 
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low coverage genome datasets, as means of adding additional non-mitochondrial 
phylogenetic signal for resolving relationships at higher taxonomic levels. 
 
Phylogenetic trees have been constructed from a range of types of sequences from single genes 
(such as the popular COI or 16S rRNA genes) to multiple or all genes of the mitogenome (Gissi 
et al., 2008). With access to complete mitogenome sequences, biologists can now also assemble 
larger sequence datasets to infer evolutionary relationships with the prospect of establishing 
more robust phylogenetic relationships (Mao et al., 2015, Williams et al., 2014, Shen et al., 
2013). Dataset sizes are expected to increase as researchers analyse newly sequenced 
mitogenomes while utilising existing data to further improve and build upon previously 
published studies (Timm and Bracken-Grissom, 2015). It is also emerging that the mitogenome 
gene order is not always as conserved as previously thought (Boore and Brown, 1994), but can 
be quite variable in certain groups and therefore may provide an additional source of 
information for phylogenetic inference, which may be particularly useful for resolving deep 
evolutionary relationships. The increasing number of species with mitogenome rearrangements 
and their non-random distribution is also stimulating interest in the environmental drivers, 
genomic mechanisms and adaptive significance of gene order variants, thereby further 
highlighting the significance of the growing field of comparative mitogenomics. 
 
1.1.2 Recovery of complete mitogenomes 
Mitochondrial gene-based phylogenetic studies have had, and still have, a large impact on the 
understanding, conservation and management of biodiversity for all major animal groups over 
a 25 year period (Bracken-Grissom et al., 2014, de Forges et al., 2001, Tourinho et al., 2012). 
Such studies have generally been limited to the sequencing of one or a few PCR fragments 
generating datasets ranging from a few hundred to a few thousand base pairs, thereby missing 
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out on the much higher volume of data available from complete mitogenome sequences (over 
16,000 bp). However, traditional approaches to recover complete mitogenomes are tedious, 
involving the design of many sets of primers, associated PCR amplifications and sometimes 
cloning, followed by sequencing of these fragments (Boore and Brown, 2000, Lavrov et al., 
2000, Yang et al., 2015). While data from complete mitogenomes showed great promise as a 
rich source of phylogenetic information, the generation of such data was time-consuming and 
cost-prohibitive for most laboratories. The development of Second-Generation Sequencing 
(SGS) technology has led to increasingly inexpensive sequencing (Figure 1.1), allowing the 
fast recovery of mitogenomes from modest genome scans and resulting in the rapid increase in 
number of mitogenomes deposited in NCBI (Gan et al., 2014, Gillett et al., 2014, Timmermans 
et al., 2010). 
 
 
Figure 1.1 Sequencing cost in recent years. 
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At the commencement of this study, the NCBI Organelle Genome Resources held a total of 
6,486 mitogenomes in their RefSeq database and this number has since increased to over 8,000 
mitogenomes at the end of this study (Figure 1.2). A majority of these are from Metazoa species 
and include sequences from a range of taxonomic groups such as chordates (Krzeminska et al., 
2016, Chen and Hsiao, 2016), arthropods (Lavrov et al., 2000, Krzywinski et al., 2006), 
molluscs (Xu et al., 2016b, Soroka and Burzyński, 2016) and annelids (Bleidorn et al., 2006, 
Boore and Brown, 2000). 
 
 
Figure 1.2 Number of metazoan mitogenomes released on NCBI by year (total 8,226 mitogenomes; filters on 
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1.2 Bioinformatics tools and databases 
Due to the rapid growth in volume of genetic data for comparative studies and the wealth of 
information contained in a mitogenome, the main bottleneck is now not the generation of 
sequence data but limitations in the scalability of bioinformatics tools and pipelines to process 
overwhelming amounts of data and to convert them into biologically-relevant information 
(Bernt et al., 2013d, Hahn et al., 2013, Iwasaki et al., 2013). Reliable assembly and annotation 
of mitogenomes is essential to ensure accurate results are obtained for meaningful comparative 
analyses (Bernt et al., 2013b). In the context of phylogenetic studies, analyses are generally 
more robust with the inclusion of many genes and taxa (Nabhan and Sarkar, 2012, Zwickl and 
Hillis, 2002), and to fully capture and resolve the phylogenetic relationships among various 
organisms of interest, phylogeneticists will increasingly need to process and manipulate large 
datasets in an efficient and accurate manner. Thus, carefully-curated databases, both general 
and specialised, are also increasingly important as a centralised collection of mitogenomes and 
metadata contributed from research studies undertaken globally, providing shared resources 
for more comprehensive analyses in the future. 
 
1.2.1 Tools and pipelines 
In response to these bioinformatic bottlenecks, a variety of tools and programs have been 
developed in relatively recent years (Bernt et al., 2013b) (additional examples in Table 1.1) to 
facilitate one or more functions pertaining to the recovery of complete metazoan mitogenomes 
and other downstream analyses, some of which are accessible through webservers (marked 
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Table 1.1 Examples of mitogenome-related bioinformatics tools. 
Tool URL References 
Assembly   
ARC http://ibest.github.io/ARC Hunter et al. (2015) 
aTRAM http://www.github.com/juliema/aTRAM Allen et al. (2015) 
GetOrganelle https://github.com/Kinggerm/GetOrganelle Jin et al. (2018) 
GRAbB https://github.com/b-brankovics/grabb Brankovics et al. (2016) 
Kollector https://github.com/bcgsc/kollector Kucuk et al. (2017) 
MITObim https://github.com/chrishah/MITObim Hahn et al. (2013) 
Norgal https://bitbucket.org/kosaidtu/norgal Al-Nakeeb et al. (2017) 
NOVOPlasty https://github.com/ndierckx/NOVOPlasty Dierckxsens et al. (2016) 
   
Annotation   
ARWEN [W] http://mbio-serv2.mbioekol.lu.se/ARWEN Canbäck and Laslett (2007) 
DOGMA [W] https://dogma.ccbb.utexas.edu Wyman et al. (2004) 
GeneDecoderd http://www.darwin.uvigo.es/software/gendecoder.html Abascal et al. (2006) 
MitoAnnotator [W] http://mitofish.aori.u-
tokyo.ac.jp/annotation/input.html 
Iwasaki et al. (2013) 
MiTFi http://www.bioinf.uni-leipzig.de/Software/MiTFi Jühling et al. (2011) 
MITOS [W] http://mitos.bioinf.uni-leipzig.de/index.py Bernt et al. (2013d) 
MOSAS1,d http://mosas.byu.edu Sheffield et al. (2010) 
tRNAscan-SE [W] http://lowelab.ucsc.edu/tRNAscan-SE/ Lowe and Eddy (1997) 
   
Downstream   
ANGES http://paleogenomics.irmacs.sfu.ca/ANGES Jones et al. (2012) 
BADGER http://www.badger.duq.edu Larget et al. (2005) 
circal http://www.bioinf.uni-
leipzig.de/Publications/SUPPLEMENTS/04-015 
Fritzsch et al. (2006) 
CREx [W] http://pacosy.informatik.uni-leipzig.de/crex Bernt et al. (2007) 
GRAPPA https://www.cs.unm.edu/~moret/GRAPPA Moret et al. (2001) 
MitoMaster [W] http://mitomaster.mitomap.org Lott et al. (2013) 
MitoPhAST https://github.com/mht85/MitoPhAST Tan et al. (2015) 
MGRd http://www.nbcr.sdsc.edu/GRIMM/mgr.cgi Bourque and Pevzner (2002) 
TreeREx http://pacosy.informatik.uni-leipzig.de/185-0-
TreeREx.html 
Bernt et al. (2008) 
1 does both annotation and downstream analysis 
d program discontinued 
 
Mitogenome assembly tools take advantage of the high abundance of the organelle and its 
associated DNA in a cell, enabling the recovery of a complete mitogenome from low coverage 
sequence datasets (i.e. partial genome scans). While it is possible to obtain the complete 
sequence of the molecule as a circular contig through whole genome assembly approaches, 
programs such as MITObim (Hahn et al., 2013) and NOVOPlasty (Dierckxsens et al., 2016) 
use seed sequences as ‘bait’ to iteratively recruit and assemble mitochondrial short reads. 
Others like Norgal (Al-Nakeeb et al., 2017) operate independent of any reference via the de 
novo assembly of reads containing k-mers predominantly of mitochondrial origin. Despite their 
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differences, both approaches ultimately achieve the same outcome in a fraction of the time and 
computing resources required using whole genome analysis to identify mitochondria derived 
contigs. In recent years, various versions of the baited approach have also been applied to larger 
scale analyses to retrieve targeted loci in the nuclear genome (Kucuk et al., 2017, Allen et al., 
2015, Brankovics et al., 2016). 
 
The importance of careful annotation of mitogenome resources deposited on public databases 
via the use of reliable and consistent methods was highlighted by Gissi et al. (2008), who 
identified and corrected a total of 313 mitogenome entries, all of which had at least one mis-
annotation. Several pipelines have been developed to perform complete annotation of 
mitogenomes. The MitoAnnotator tool (Iwasaki et al., 2013) carries out automatic annotation 
specifically for fish mitogenomes, whereas tools such as DOGMA (Wyman et al., 2004) and 
MITOS (Bernt et al., 2013d) are available as webservers to automate the annotation of the 
metazoan mitogenomes, providing results in various formats suitable for submissions to NCBI 
or other databases after some manual curation. MITOS also attempts to improve gene boundary 
predictions by investigating the flanking regions of each prediction (Bernt et al., 2013d). 
 
In addition, phylogenetic analyses consist of multiple steps, some of which include the 
extraction and alignment of individual genes, removal of ambiguously-aligned regions, 
concatenation of multiple genes, data partitioning, selection of a substitution model and finally, 
the estimation of a phylogenetic tree using one of several inference methods and programs. A 
variety of tools are available to perform each of the aforementioned steps, for instance, the 
FeatureExtract Server (Wernersson, 2005) or the Sequence Manipulation Suite (Stothard, 
2000) facilitate the extraction of sequences from multiple flat files while many other tools, such 
as Clustal (Sievers et al., 2011), TranslatorX (Abascal et al., 2010) and trimAl (Capella-
Chapter 1: General Introduction | 14 
Gutiérrez et al., 2009) have been developed to perform alignment and trimming of various 
sequence types prior to the construction of phylogenetic trees. The execution of these 
individual steps can prove to be tedious and daunting, especially for biologists unfamiliar with 
unix-based software, increasing the risk of errors. The inability to accurately and efficiently 
undertake these tasks can lead to added complications and inconsistencies in analyses and can 
be extremely time-consuming as the number of included taxa increases. Thus, long-standing 
tools such as MEGA (Kumar et al., 2016) provide users with an interface to run various 
phylogenetic steps, while recently-developed pipelines such as the MitoPhAST tool (Tan et al., 
2015) enables phylogenetic tree inference in a single command, minimising the amount of 
manual effort from users. Furthermore, comprehensive platforms such as Galaxy (Afgan et al., 
2018) are also available to facilitate the organization of tools and data so that users can 
conveniently customize workflows and pipelines in a repeatable manner. A long list of 
programs capable of other downstream and comparative analyses are also listed in Table 1.1. 
 
Generally, bioinformatics is an exceptionally fast-paced field that is constantly trying to keep 
pace with the scale and evolution of new sequencing technologies. As a result, the skill gap 
among researchers performing bioinformatics analyses continues to widen, with some groups 
fully equipped with the capability of executing complicated programs and algorithms while 
others are left behind still struggling to grasp the concept of basic command line practices. The 
latter hinders many from performing large-scale analyses, a situation especially prevalent in 
developing countries where the field of genomics and bioinformatics is only at its infancy. The 
existence of skill level difference necessitates the development of new automated pipelines to 
simplify and streamline sequence data processes, in hopes of bridging the skill gap and 
ultimately bringing current bioinformaticians up to speed with dealing with large numbers of 
mitogenomes in an accurate and efficient manner. 
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1.2.2 Mitogenome databases 
Reliable and accessible databases are essential for information sharing across global efforts in 
order to avoid redundancy, especially when it comes to planning sampling strategies. Databases 
such as NCBI/GenBank act as central public repositories for mitogenome sequences. While 
valuable, publicly-deposited sequences are also fraught with errors due to a lack of curation, 
with many of these entries found to contain incorrect or erroneous information (Gissi et al., 
2008). Enormous amounts of effort is necessary to continuously check deposited sequences 
and these are available in the form of carefully-curated databases. However, these databases 
tend to update much more slowly or may potentially require more resources for ongoing 
maintenance and curation, thereby putting at risk the value and utility of databases over the 
longer term (Table 1.2). 
 
Other smaller and specialised databases are also available and are typically created to focus on 
specific taxonomic groups such as mammals, fish, fungi, or humans, often used for barcoding 
or diagnostic purposes (Table 1.2). For instance, MitoFish (Iwasaki et al., 2013) enables users 
to perform sequence similarity searches against other fish mitogenomes, while MetAMIGA 
(now discontinued) (Feijão et al., 2006) previously provided users the option to extract 
available gene sequences for taxonomic groups of interest to facilitate the inclusion of large 
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Table 1.2 Examples of mitogenome-related databases. 
Databases URL References 
   
General   
BOLD http://www.barcodinglife.org Ratnasingham and Hebert (2007) 
GenBank http://www.ncbi.nlm.nih.gov/genbank Benson et al. (2018) 
GOBASEd http://gobase.bcm.umontreal.ca O’Brien et al. (2008) 
Mamit-tRNA http://mamit-trna.u-strasbg.fr Pütz et al. (2007) 
MetAMIGAd http://amiga.cbmeg.unicamp.br Feijão et al. (2006) 
Mitomed http://www.mitome.info Lee et al. (2007) 
MitoZoa 2.0 http://srv00.recas.ba.infn.it/mitozoa D'Onorio de Meo et al. (2011) 
OGRed http://www.bioinf.man.ac.uk/ogre Jameson et al. (2003) 
RefSeq https://www.ncbi.nlm.nih.gov/refseq O'Leary et al. (2015) 
tRNAdb http://trnadb.bioinf.uni-
leipzig.de/DataOutput 
Jühling et al. (2008) 
Specialised   
FMiR (fish) http://mail.nbfgr.res.in/fmir Nagpure et al. (2015) 
IMGD (insect) http://www.imgd.org Lee et al. (2009) 
MamMiBase (mammal) http://www.mammibase.lncc.br de Vasconcelos et al. (2005) 
MitoCarta2.0 (mammal) www.broadinstitute.org/pubs/MitoCarta Calvo et al. (2015) 
MitoFish (fish) http://mitofish.aori.u-tokyo.ac.jp Iwasaki et al. (2013) 
MitoFun (fungi) http://mitofun.biol.uoa.gr Ntertilis et al. (2013) 
MitoMap (human) https://www.mitomap.org/MITOMAP Brandon et al. (2005) 
MitoProteome (human) http://www.mitoproteome.org Cotter et al. (2004) 
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1.3 The order Decapoda 
Dubbed “insects of the sea”, decapod crustaceans make up a highly diverse group of animals 
with almost 15,000 described extant species (De Grave et al., 2009), many of which are 
important and interesting for research due to their economic importance, distinctive 
morphology and ecological diversity. Species taxonomically placed within the order Decapoda 
make up many of the popular seafood varieties such as prawns, shrimps, crabs, crayfish and 
lobsters, proving to be a valuable and important food source for the global population (Jones 
and Ruscoe, 2000, Chávez, 2009). Further, the body forms of decapod species are distinct and 
highly diverse as exemplified by the distinctions among groups such as shrimps, spiny lobsters, 
crayfish, lobsters, hermit crabs with asymmetrical or symmetrical tails, and true crabs 
(Bracken-Grissom et al., 2014, Schram and Dixon, 2004). Interestingly, decapods have also 
acquired the capability to colonise drastically different niches including freshwater rivers and 
lakes (Murphy and Austin, 2005, Crandall et al., 2000), mangrove ecosystems (Anger and 
Charmantier, 2000, Harris and Santos, 2000), marine and deep-sea habitats (Chan, 2010, 
Wicksten and Hendrickx, 2003), hydrothermal vents and cold seeps (Yang et al., 2016a), caves 
and certain terrestrial environments (von Rintelen et al., 2012, Oka et al., 2016). Thus, 
generally, a wide range of studies have and continue to be performed on these organisms 
focussing on various aspects of evolution, physiology, ecological adaptations, disease plagues, 
cryptic speciation, dispersal and conservation (Bracken et al., 2009b, Charmantier et al., 2002, 
Anger and Charmantier, 2000, Machordom and Macpherson, 2004, Mrugała et al., 2015, 
Whiting et al., 2000). 
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1.3.1 Current classification of decapod suborders and infraorders 
The current taxonomic classification of the Decapoda consists of two suborders, 
Dendrobranchiata and Pleocyemata, with species in the latter group further categorised into 
eleven infraorders including the crabs (Brachyura, Anomura), shrimps (Caridea, Stenopodidea, 
Procarididea), burrowing shrimps (Axiidea, Gebiidea), lobsters and crayfish and their allies 
(Achelata, Astacidea, Polychelida, Glypheidea) (De Grave and Fransen, 2011, De Grave et al., 
2009). All eleven infraorders differ widely in their diversity, ranging from thousands of species 
in some infraorders such as Anomura, Brachyura and Caridea to less than a hundred in others, 
for instance, Glypheidea, Polychelida, Procarididea and Stenopodidea (Table 1.3). 
 
Table 1.3 Approximate tally of extant species across decapod suborders and infraorders based 
on classifications in the World Register of Marine Species (WoRMS) (Horton et al., 2019) 
Suborder Infraorder Described extant 
species 
% extant species of 
Decapoda 
Dendrobranchiata  529 3.19% 
Pleocyemata Achelata 152 0.92% 
 Anomura 3127 18.87% 
 Astacidea 743 4.48% 
 Axiidea 522 3.15% 
 Brachyura 7453 44.98% 
 Caridea 3666 22.13% 
 Gebiidea 240 1.45% 
 Glypheidea 2 0.01% 
 Polychelida 39 0.24% 
 Procarididea 6 0.04% 
 Stenopodidea 89 0.54% 
 
1.3.2 Markers in decapod phylogenetics 
While morphology has played a major role in inferring relationships within Decapoda with the 
advantage of being able to utilise information from fossils (Dixon et al., 2003, McLaughlin et 
al., 2007), classifications in some cases were challenging and often complicated by 
plesiomorphic characters and from parallel or convergent evolution (Morrison et al., 2002, 
Scholtz and Richter, 1995), resulting in spurious relationships. Examples include former 
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infraorders ‘Meiura’ and ‘Thalassinidea’, both groups previously established based on 
morphology and behaviour but were later abandoned when extensive molecular studies 
supported instead the separation of Brachyura and Anomura (former ‘Meiura’) and Axiidea 
and Gebiidea (former ‘Thalassinidea’). In addition, opinions also differed on the types of 
characters for reliable classification, some preferring external morphologies such as tail length, 
gill type, number of chelae and locomotion (Dixon et al., 2003), and others observing internal 
traits such as from the foregut or other organ systems (Reimann et al., 2011, Keiler et al., 2015). 
These highlight potential problems that can arise from analyses conducted based solely on 
morphology even when using cladistic or other sophisticated phylogenetic methods. 
 
The first molecular phylogenetic studies of decapods adopted the use of short targeted markers 
such as the mitochondrial cox1 or 16S ribosomal RNA genes, 18S and 28S nuclear ribosomal 
RNA genes, either used as sole markers or in combination with morphological characters 
(Crandall et al., 2000, Ahyong and O’Meally, 2004, Bracken et al., 2009a). The early 2000s 
then saw the recovery of the first complete decapod mitogenome sequences with tedious 
Sanger sequencing approaches (Lin et al., 2012, Miller et al., 2004, Shen et al., 2013), 
subsequently replaced with more efficient high throughput sequencing platforms and pipelines 
boasting capabilities of recovering complete mitogenomes in only a few days at low cost (Gan 
et al., 2014, Timmermans et al., 2010), further increasing the popularity of the mitogenome as 
a useful marker not only in decapod phylogenetics but also for other metazoans. 
 
1.3.3 Decapod infraordinal relationships in brief 
1.3.3.1 Dendrobranchiata, Caridea, Procarididea, Stenopodidea 
An understanding of the evolutionary relationships within the Decapoda has developed 
incrementally and has improved as new sources of information have become available, 
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especially with progress in molecular methods. The early categorisation of diversity within the 
Decapoda was a division based on locomotion, the ‘Natantia’ comprising swimming lineages 
and the ‘Reptantia’ representing the crawling forms (Boas, 1880). After multiple revisions, 
decapods were separated into two suborders based largely on gill morphology and brooding 
behaviour, resulting in the Dendrobranchiata and the Pleocyemata, both sharing a sister 
relationship with little subsequent debate over their monophyletic status (Scholtz and Richter, 
1995, Dixon et al., 2003). Aside from species within the Dendrobranchiata, other swimming 
lineages that include shrimp species from the Caridea, Stenopodidea and Procarididea are often 
reported in basal position relative to other decapods (Ahyong and O’Meally, 2004, Lin et al., 
2012, Tan et al., 2015, Chu et al., 2016), though the relationship between the Caridea and the 
Stenopodidea remains inconclusive (Burkenroad, 1981, Dixon et al., 2003, Tsang et al., 2008, 
Bracken et al., 2010, Lin et al., 2012, Chu et al., 2016, Bracken et al., 2009a). At the 
commencement of this study, the Stenopodidea in most complete mitogenome-based 
phylogenetic studies was represented by just a single species, Stenopus hispidus (Shen et al., 
2013, Tan et al., 2015). Additionally, the infraorder Procarididea is the most recently-
recognised decapod infraorder. Some morphological characters suggest a close affinity of this 
infraorder to Dendrobranchiata and Stenopodidea (Felgenhauer and Abele, 1985, Chace Jr and 
Manning, 1972) while other features, as well as molecular sequences, tend to suggest a sister 
group relationship with the Caridea instead (Bauer, 2004, Fransen and De Grave, 2009, Kim 
and Abele, 1990, Bracken et al., 2010, Bracken et al., 2009a). Generally, however, 
phylogenetic research on shrimps is lacking compared to other decapods (De Grave and 
Fransen, 2011). 
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1.3.3.2 Achelata, Astacidea, Glypheidea, Polychelida 
The group historically referred to as ‘Palinura’ was dissolved and split into separate infraorders 
comprising Achelata, Glypheidea and Polychelida after the Palinura was found to be non-
monophyletic (Scholtz and Richter, 1995). Various studies based on fossils, morphology 
and/or molecular markers found incongruent phylogenies for the lobsters, crayfish and their 
allies resulting in still unresolved inter-relationships among these infraorders (Ahyong and 
O’Meally, 2004, Dixon et al., 2003, Karasawa et al., 2013, Schweitzer and Feldmann, 2014, 
Bracken-Grissom et al., 2014, Chu et al., 2016, Bracken et al., 2009a). At the start of this study, 
similar to Stenopodidea, Polychelida was only represented by a single species, Polycheles 
typhlops, in the most recent phylogenies based on genes from complete mitogenomes (Shen et 
al., 2013, Tan et al., 2015), making it also susceptible to the effects of long-branch attraction 
and other limitations (Timm and Bracken-Grissom, 2015, Bergsten, 2005). For some groups 
no mitogenome data have been available until recently. For Glypheidea, species within this 
infraorder were thought to be extinct, limiting the discussion of glypheids to studies based on 
fossil records (Schram and Ahyong, 2002, Schram and Dixon, 2004, Dixon et al., 2003, 
Charbonnier et al., 2015). The discovery of specimens of two extant species (Forest et al., 1976, 
Forest, 2006a) have enabled the generation of molecular data such as cox1 and 16S ribosomal 
RNA fragments to investigate the relationships of Glypheidea within the Decapoda (Ahyong 
and O’Meally, 2004, Boisselier-Dubayle et al., 2010, Bracken et al., 2009a). However, this 
infraorder is missing from mitogenome-based phylogenies due to the absence of a complete 
mitogenome. Thus, despite several studies, the position of this infraorder remains contentious, 
with some supporting a sister relationship between Glypheidea and Astacidea while others 
found glypheids to be more closely-related to Achelata and/or Polychelida. 
 
Chapter 1: General Introduction | 22 
1.3.3.3 Axiidea, Gebiidea 
The morphologically-similar mud shrimp species in these groups were previously placed in a 
single infraorder named ‘Thalassinidea’. Reports on the positions of both Axiidea and Gebiidea 
relative to other decapods differ substantially among studies. Early reports considered the 
thalassinids to be generally monophyletic (Scholtz and Richter, 1995, Poore, 1994). However, 
subsequent molecular-based phylogenetic studies have found this clade to be paraphyletic, 
resulting in the rejection of this infraorder, which has now been split into the infraorders, 
Axiidea and Gebiidea (Morrison et al., 2002, Robles et al., 2009a, Chu et al., 2016, Lin et al., 
2012, Bracken et al., 2009a). In general, relationships of these two groups relative to other 
decapod infraorders are still contentious and need to be further investigated as additional taxon 
and molecular resources become available (Ahyong and O’Meally, 2004, Boisselier-Dubayle 
et al., 2010, Lin et al., 2012, Shen et al., 2013, Tan et al., 2015, Tsang et al., 2008, Bracken et 
al., 2009a). In addition, mitogenomes for species in these groups share unique gene orders 
specific to each infraorder, hinting at the possibility that these gene orders evolved 
independently and by extension, reflects the independent evolutionary history of these groups 
(Lin et al., 2012). 
 
1.3.3.4 Anomura, Brachyura 
Formerly recognised as ‘Meiura’ (= reduced tail) (Scholtz and Richter, 1995), two other groups 
that were later reclassified in subsequent phylogenetic studies as separate infraorders are the 
Anomura and Brachyura. Phylogenetic studies of these infraorders are relatively consistent, 
placing them as sister taxa at derived positions in most decapod phylogenies (Ahyong and 
O’Meally, 2004, Dixon et al., 2003, Scholtz and Richter, 1995, Shen et al., 2013, Tan et al., 
2015, Tsang et al., 2008, Bybee et al., 2011b, Qian et al., 2011), though not without some 
exceptions (Crandall et al., 2000, Bracken et al., 2010, Porter et al., 2005, Bracken et al., 
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2009b). However, relationships among some superfamilies and/or families within each 
infraorder are still heavily debated. For instance, certain brachyuran superfamilies appear to be 
non-monophyletic (Ji et al., 2014, Kitaura et al., 2002, Schubart et al., 2006, Tsang et al., 2014) 
whereas those within the infraorder Anomura have undergone multiple recent revisions 
(Ahyong et al., 2010, McLaughlin et al., 2007, Schnabel et al., 2011, Schnabel and Ahyong, 
2010). Anomura is noteworthy as a morphologically and ecologically heterogeneous group of 
decapod crustaceans, with a well-developed capacity for parallel evolution. A popular notion 
first proposed by Cunningham et al. (1992), suggested that independent carcinization resulted 
in the evolution of king crabs from hermit crab ancestors. Repeated observations of these 
independent origins of the crab-like form (Ahyong et al., 2009, Bracken-Grissom et al., 2013, 
Morrison et al., 2002, Noever and Glenner, 2018, Tsang et al., 2011) challenges efforts to 
establish stable hypotheses of anomuran evolutionary relationships, and emphasises that 
morphology is generally unreliable as a source of phylogenetic signal for this group. While 
aligned DNA sequences are also unable to resolve anomuran relationships thus far, multiple 
studies have emerged suggesting that mitochondrial gene rearrangements may have the 
potential to act as synapomorphies for certain major crab groups (Bai et al., 2018, Basso et al., 
2017). 
 
1.3.4 Knowledge gaps 
The evolutionary history and relationships of several groups within the Decapoda are 
contentious with varying results from a range of studies and thus is of ongoing research interest. 
Within the context of mitogenome-based studies, the first decapod mitogenome sequences 
were generated by Wilson et al. (2000), Hickerson and Cunningham (2000), Yamauchi et al. 
(2002) and Yamauchi et al. (2003) over 15 years ago. Following that, members of the Austin 
lab added three more decapod mitogenomes and conducted the most comprehensive 
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comparative mitogenomic and phylogenetic study possible for the Decapoda at that time, with 
a total of seven mitogenomes (Miller et al., 2005, Miller et al., 2004). Over the last ten years, 
the mitogenome landscape has changed profoundly for the Decapoda, as with all major animal 
groups, with a large number of mitogenome sequences being made available on public 
databases from different kinds of studies and therefore, it is now appropriate to re-examine 
sampling gaps for this diverse group.  
 
Thus despite these advances in the accumulation of decapod mitogenomes, greater and more 
targeted taxon sampling is still required to resolve relationships among major lineages 
particularly for certain under-represented infraorders, since inadequate sampling can result in 
inconsistent findings due to issues such as long-branch attraction, incorrect rooting or false 
monophyly (Timm and Bracken-Grissom, 2015). At the commencement of this study, the 
infraorders Polychelida and Stenopodidea were represented by only one species each in 
phylogenies based on whole mitogenomes while no complete mitogenomes were available for 
species in the infraorder Glypheidea (Shen et al., 2013), resulting in highly unresolved 
positions for these groups within phylogenetic analyses. Other infraorders such as Anomura, 
Caridea, Axiidea and Gebiidea also have generally scarce representation and would benefit 
from additional sampling to help further elucidate relationships within and among infraorders. 
This highlights the importance of adequate and balanced taxon sampling and emphasises the 
need for more molecular resources from these groups, a sentiment echoed in various research 
studies (Shen et al., 2013, Tan et al., 2015, Timm and Bracken-Grissom, 2015). It is therefore 
imperative to strategically contribute mitogenomic resources for the aforementioned groups to 
provide more robust estimates of the phylogenetic relationships among all decapod infraorders. 
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1.4 Comparative mitogenomics 
The ease of recovering complete mitogenomes with affordable sequencing, coupled with the 
development of streamlined laboratory and bioinformatics pipelines (Bernt et al., 2013d, Gan 
et al., 2014, Hahn et al., 2013, Tan et al., 2015, Wyman et al., 2004), saw a plethora of complete 
mitochondrial genomes generated for species across the animal kingdom. This has resulted in 
large depositions of animal mitogenomes in public databases in recent years, at a rate sufficient 
to prompt a discussion on whether we have ‘sequenced enough mtDNAs’? (DeSalle, 2016, 
Smith, 2016, Sanitá Lima et al., 2016). 
 
While mitogenome sequences support phylogenetic analyses, it is also useful for more general 
comparative works, including within the Decapoda. Decapods have successfully adapted to a 
broad range of environments (e.g. freshwater, marine, terrestrial, deep sea) and also adopted a 
wide variety of body forms and sizes. Such a range of ecological and life history adaptations 
would have required, in many cases, evolutionary responses to meet new metabolic 
requirements and since the mitochondrion holds a major role in respiratory functions, it is 
therefore not unreasonable to assume the decapod mitogenome has been subject to a range of 
selective pressures. Thus, there is motivation to undertake additional in-depth comparative 
analyses that explore and characterise the structural and transcriptional architecture of 
mitogenomes that may provide insights into possible correlations between the molecular 
evolution of this organelle and species diversification or adaptations at various evolutionary 
scales (Eo and DeWoody, 2010, Plazzi et al., 2016). 
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1.4.1 Mitochondrial gene rearrangements 
The overall structure and function of animal mitochondrial genomes are remarkably stable and 
generally conserved, with limited intergenic regions. However, different kinds of mutations in 
the mitogenome occur, ranging from point mutations, insertions/deletions to rearrangements 
of multiple genes through various mechanisms (Dowton et al., 2002, Chaudhuri et al., 2006). 
However, the scale and frequency of such mutations can vary widely across  taxonomic levels 
(Gissi et al., 2008). The compact nature of the mitogenome means that rearrangements are 
predicted to be more likely to disrupt gene function, compared to the nuclear genome (Brown, 
1985). Therefore, the most common mitochondrial gene order (MGO) rearrangements involve 
the translocation of single transfer RNA genes, occasionally accompanied with inversion or 
duplication events. But repositioning of multiple tRNAs, protein-coding and ribosomal RNA 
genes also occur, though less frequently. 
 
The potential for variable MGOs to act as additional characters for phylogenetic estimation for 
arthropods has been recognized and discussed (Boore et al., 1998, Dowton and Austin, 1999, 
Dowton et al., 2002). A well-known example of a gene rearrangement event as a source of 
synapomorphy is in the case of the Pancrustacea (crustacea + insects). The pancrustacean 
ground pattern, illustrated in Figure 1.3, contains a single translocated trnL gene that occurred 
in the common ancestor of crustaceans and insects, but the same rearranged gene is not 
observed in mitogenomes of other ancestral non-arthropod invertebrates (Boore et al., 1998, 
Dowton et al., 2002). 
 
 
Figure 1.3 Mitochondrial gene order of the pancrustacean ground pattern. 
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Within the Decapoda, novel MGOs that deviate from the ground pattern have been reported in 
multiple lineages (Miller et al., 2004, Yang and Yang, 2008, Sun et al., 2005) and appear to be 
distributed unevenly across infraorders, with freshwater crayfish (Astacidea) and anomuran 
crabs (Anomura) identified as phylogenetic “hot spots” for mitogenome gene order evolution 
based on the high frequency of new MGOs reported for species in these groups. Thus, MGOs 
can act as useful phylogenetic characters for some groups but appear to be limited for others. 
However, this needs to be subjected to further investigation following suggestions by Mao et 
al. (2015) to generate far greater sampling in order to sufficiently test the phylogenetic utility 
of MGO patterns and the identification of suitable models for investigating evolutionary drivers 
that shape the architecture of animal mitogenomes. Examples of other taxonomic groups with 
a concentration of mitogenome gene rearrangements include ticks (Fahrein et al., 2007, Shao 
et al., 2005b), hymenopterans (Dowton et al., 2003), salamanders (Chong and Mueller, 2013b), 
and tunicates (Gissi et al., 2004). 
 
1.4.2 Large-scale MGO comparisons 
Traditional methods of mitogenome sequencing rely on long-range polymerase chain reaction 
(PCR) to amplify the complete mitogenome with multiple pairs of overlapping universal 
primers, followed by Sanger sequencing (Lin et al., 2012, Miller et al., 2004, Shen et al., 2013). 
While this method is successful in recovering typical mitogenomes it would potentially fail to 
recover atypical mitogenomes with gene orders that vary significantly from available or 
expected reference mitogenomes. Consistent with this observation, significant rearrangements 
of MGOs are increasingly being reported in various animal groups using high-throughput NGS 
platforms since these do not make any prior assumptions about the organisation of the 
mitogenome under study. Additional bioinformatics methods are also emerging to tackle 
complex evolutionary processes such as the prediction of likely gene rearrangement scenarios 
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(Bernt et al., 2007, Bernt et al., 2008) or the calculation of distances and breakpoints to estimate 
MGO differences (Shao et al., 2003, Blanchette et al., 1999), further enabling the undertaking 
of large-scale comparative mitogenomic studies. 
 
Analyses comparing MGOs at various scales have been performed for several animal groups 
including several insect orders (Cameron, 2014), frogs (Zhang et al., 2013), birds (Eberhard 
and Wright, 2016), batoids (Gaitán-Espitia et al., 2016) and elasmobranchs (Amaral et al., 
2018). In the Decapoda, frequencies of variable MGOs have been investigated for taxonomic 
groups typically limited to within superfamilies or a few related infraorders at a time (Basso et 
al., 2017, Gan et al., 2018, Lin et al., 2012), with a larger analysis involving 86 malacostracan 
species (Shen et al., 2015) at the time this study commenced. However, the extent and 
distribution of rearrangements among all infraorders within the Decapoda remain un-
investigated. Further, several studies have suggested possible correlations of highly-rearranged 
MGOs to various factors including accelerated nucleotide substitution rates or adaptations to 
various ecological niches and specialised lifestyles (Dowton and Austin, 1999, Shao et al., 
2003, Gan et al., 2018, Oliveira et al., 2008, Zhuang and Cheng, 2010). In this regard, the high 
diversity of the Decapoda make it an ideal group to test for possible correlations between 
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1.4.3 Further mitogenomic comparisons 
Large comprehensive studies on the evolutionary trends of mitogenomes are also emerging for 
various animal groups, comparing genomic features of the molecule such as nucleotide 
composition, strand asymmetry and bias, codon usage, nucleotide substitution rates, size and 
distribution of intergenic regions, or the structure of the mitogenome (linear versus circular) 
(Plazzi et al., 2016, Plazzi et al., 2017, Lagisz et al., 2013, Lavrov and Pett, 2016, Bernt et al., 
2013a, Sheffield et al., 2008, Song et al., 2016b, Tang et al., 2018). With sufficient sampling, 
such analyses can identify genomic features that show clade-specific evolutionary trends 
(Plazzi et al., 2016). Within the Decapoda, anomalous mitogenomes have been reported in a 
number of individual lineages. For instance, studies report duplicated large non-coding regions 
in some Engaeus species (Gan et al., 2018), large intergenic regions in Geothelphusa dehaani 
(Segawa and Aotsuka, 2005) and a severely incomplete suite of tRNAs in Shinkaia crosnieri 
(Yang and Yang, 2008). Generally, large-scale comparison of mitogenomic features are needed 
to uncover trends that exist in specific decapod lineages, with the possibility of providing 
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1.5 Genome skimming 
While the mitogenome can provide an array of different phylogenetic information, as a 
molecular marker it has certain limitations (Timm and Bracken-Grissom, 2015), emphasising 
the need for the inclusion of nuclear genes in phylogenetic analyses when practical. Large data 
dumps from SGS technologies are enabling the assembly of animal and plant genomes, model 
or non-model organisms, in a fraction of the time and cost of traditional methods (Li et al., 
2009, Goff et al., 2002, Austin et al., 2015). This includes a surge in decapod crustacean 
transcriptomic data that can be used for phylogenetics (Zeng et al., 2011, Lenz et al., 2014, Tan 
et al., 2016a), the start of global collaborative efforts such as the Earth BioGenome Project 
(Lewin et al., 2018) and the i5K initiative (i5K-Consortium, 2013). Nonetheless, owing to the 
large, and in some cases gigantic sizes, of many decapod genomes that can range from 1 to 40 
Gbp on the Animal Genome Size Database (http://www.genomesize.com) as well as the 
complexity of some of these genomes (Yuan et al., 2017, Gutekunst et al., 2018), carcinologists 
are still far from realistically achieving good quality assemblies of whole decapod genomes. 
Even with long reads from emerging third-generation sequencing (TGS) technologies expected 
to substantially improve upon the quality of genomes, it will still take some time before we get 
to the point of rapidly generating decapod genomes in a time- and cost-effective manner. 
 
A relatively cheaper approach, referred to as genome skimming (GS), is a rapid method for 
recovering the high copy-number fraction of a genome from shallow sequencing data (Straub 
et al., 2012) and this is explored for decapod species in this study. While most GS applications 
tend to focus on the recovery of genes from organellar genomes (e.g. mitochondria, 
chloroplast) (Besnard et al., 2016, Gan et al., 2014, Govindarajulu et al., 2015), recent studies 
have shown success in recovering nuclear genetic elements commonly occurring in high copy 
numbers or in repetitive regions of the genome, predominantly from the nuclear ribosomal 
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cluster (Malé et al., 2014, Richter et al., 2015, Straub et al., 2012). This approach is further 
facilitated by the increasing affordability of SGS, coupled with extensive multiplexing 
capabilities, revolutionising molecular phylogenetics and systematics by providing researchers 
access to substantial amounts of data from many individuals in a single sequencing run. This 
helps resolve the challenging decisions researchers have previously faced, choosing between 
sampling more taxa or more loci. Thus, an increasing number of research laboratories have 
turned to using SGS to efficiently generate partial genome scans at low costs for potentially 
large numbers of individuals (Gan et al., 2014). However, only a handful of studies have 
attempted to evaluate the optimal sequence coverage, finding a “sweet spot” to minimise the 
amount of sequencing while still being able to generate a desirable number of nuclear markers 
(Malé et al., 2014, Richter et al., 2015, Straub et al., 2012). 
 
1.5.1 Mitochondrial versus nuclear DNA in phylogenetics 
Animal mitochondria have relatively simple genomes with reduced intergenic elements along 
with a typically conserved set of orthologous genes, making them straightforward to recover, 
assemble and annotate with existing pipelines (Gan et al., 2014, Machado et al., 2016, Tang et 
al., 2014). However, while mitochondrial genes are useful for taxonomic purposes, they are 
also relatively fast evolving leading to rapid saturation rates and therefore, are limited in their 
power to resolve relationships over a range of evolutionary depths, especially at deeper 
taxonomic levels (Blouin et al., 1998). Also, though alignments typically contain sequences 
from multiple mitochondrial genes, these genes are linked and only contribute a single gene 
tree that may not reflect the full evolutionary history of taxonomic groups under investigation 
compared to what is represented by their nuclear genomes (Timm and Bracken-Grissom, 
2015). 
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On the other hand, nuclear DNA provides a wider range of evolutionary rates owing to the 
diversity of the genetic components of the nuclear genome and may provide a rich additional 
source of information for resolving more ancient relationships. Protein-coding genes tend to 
be more conserved than other elements of the genome due to functional constraints, whereas 
ribosomal DNA and intergenic or intron regions tend to contain more highly variable regions 
(Chu et al., 2016, Timm and Bracken-Grissom, 2015). Nevertheless, the recovery of nuclear 
DNA and its use in phylogenetics may also be complicated by several factors. First, most 
components of nuclear DNA exists in fewer copies compared to organellar DNA, potentially 
posing a problem in consistently recovering these sequences (Chu et al., 2016, Zhang and 
Hewitt, 1996). In addition, alignment of nuclear sequences can be more challenging due to 
varying levels of heterozygosity, structural variations and intergenic regions, and therefore may 
need additional curation to ensure accuracy (Chu et al., 2016). Further, the existence of 
paralogs that arise from gene duplications may also warrant some consideration (Gabaldón and 
Koonin, 2013, Koonin, 2005) since phylogenies are typically constructed with orthologous 
genes. 
 
1.5.2 Nuclear markers in decapod phylogenetics 
Hence, in addition to using mitochondrial genes, some decapod phylogenetic studies 
incorporate signal from nuclear markers typically obtained via individual targeted polymerase 
chain reaction (PCR) and Sanger sequencing (Table 1.4). Examples of commonly used nuclear 
genes include the 18S and 28S ribosomal RNAs, histone H3, glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), phosphoenolpyruvate carboxykinase (PEPCK), sodium potassium 
pump (NaK), elongation factor (EF-2), transmembrane 9 superfamily protein member 4 
(TM9SF4) and glutamyl-prolyl-tRNA synthetase (EPRS). 
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Table 1.4 Examples of decapod phylogenetic studies utilising nuclear genes obtained via 







List of genes 
(M) mitochondrial; (N) nuclear 
Crandall et al. (2000) 1 2 (M) 16S rRNA 
(N) 18S rRNA, 28S rRNA 
    
Ahyong and O’Meally (2004) 1 2 (M) 16S rRNA 
(N) 18S rRNA, 28S rRNA 
    
Porter et al. (2005) 1 3 (M) 16S rRNA 
(N) H3, 18S rRNA, 28S rRNA 
    
Tsang et al. (2008) 0 2 (N) PEPCK, NaK 
    
Bracken et al. (2010) 1 3 (M) 16S rRNA 
(N) H3, 18S rRNA, 28S rRNA 
    
Bracken et al. (2009a) 1 1 (M) 16S rRNA 
(N) 18S rRNA 
    
Schultz et al. (2009) 1 1 (M) 16S rRNA 
(N) GAPDH 
    
Toon et al. (2009) 3 6 (M) COI, 12S rRNA, 16S rRNA 
(N) H3, 18S rRNA, 28S rRNA, EF-2, 
TM9SF4, EPRS 
    
Boisselier-Dubayle et al. 
(2010) 
3 5 (M) COI, 12S rRNA, 16S rRNA 
(N) H3, 18S rRNA, 28S rRNA, PEPCK, 
NaK 
    
Bybee et al. (2011a) 3 3 (M) COI, 12S rRNA, 16S rRNA 
(N) H3, 18S rRNA, 28S rRNA 
    
Bracken-Grissom et al. 
(2013) 
2 3 (M) 12S rRNA, 16S rRNA 
(N) H3, 18S rRNA, 28S rRNA 
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1.5.3 Genome skimming with decapod datasets 
More recently, studies have emerged applying the method of genome skimming to scan for 
targeted individual genes from SGS datasets. For instance, genome skimming has been used to 
consistently retrieve genes from not only the nuclear ribosomal cluster (18S and 28S) but also 
a nuclear protein-coding gene (histone H3) from freshwater crayfish sequence datasets with < 
1× coverage (Grandjean et al., 2017). All three of these nuclear genes are considered especially 
useful for establishing deeper level relationships as demonstrated by a number of studies on 
crustaceans (Bracken-Grissom et al., 2014, Bybee et al., 2011a, Toon et al., 2009), which 
utilised information from these genes using PCR‐based methods. Grandjean et al. (2017) also 
further demonstrated success in obtaining the same three genes from a range of other metazoan 
species including mammal, bird, fish and bivalve species. It is noteworthy that, at the 
commencement of this study, there had not been any studies that further explore the untapped 
potential of these shallow sequence datasets, i.e. to see what other genes can be consistently 
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1.6 Research objectives and thesis format 
The main aim of this study is to generate new mitogenome resources for decapod crustaceans 
with a special focus on pre-identified infraorders with limited representation on public 
databases to achieve a more balanced taxonomic sampling for mitogenome-based phylogenetic 
studies. The intention being that these new resources will provide more robust estimates of 
phylogenetic relationships and therefore new insights into the evolutionary relationships 
among decapod infraorders and provide a better understanding of decapod mitogenome gene 
order evolution. Additional aims include the improvement of the MitoPhAST pipeline and also 
an exploration of the potential of genome skimming in recovering nuclear markers from the 
same low-coverage datasets, with expectation that these results will contribute to the scientific 
community within the broader field of animal phylogenetic research. 
 
Specific objectives of this study include: 
• To sequence, assemble and annotate new mitogenomes from mostly under-represented 
decapod infraorders and to evaluate the impact of these additions to the resolution of 
decapod infraordinal relationships, 
• To add new features to MitoPhAST, enabling nucleotide-based phylogenetic inference 
as well as comparative mitochondrial gene order (MGO) analyses, and 
• To test the potential of the genome skimming (GS) method to determine if new nuclear 
elements can be recovered from low coverage sequence datasets. 
 
The first research chapter, Chapter 2, reports the recovery of complete mitogenomes from old 
museum specimens and describes the mitogenomes of Neoglyphea inopinata and 
Laurentaeglyphea neocaledonica, the only two extant species within the infraorder 
Glypheidea, so this infraorder can now be included in mitogenome-based phylogenetic 
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analyses. Results of this chapter therefore include the first decapod phylogenetic tree based on 
whole mitogenome sequences that includes Glypheidea as one of 10 decapod infraorders within 
the suborder Pleocyemata. Mitogenomes of both glypheid species possess MGOs identical to 
the pancrustacean ground pattern and places Glypheidea as a derived lineage related to 
Polychelida and Astacidea. Also included in this chapter is a survey of decapod mitogenome 
resources available on NCBI at the time, providing a guide for future taxonomic sampling 
efforts. This work has been published in the journal Invertebrate Systematics1. 
 
Chapter 3 presents the mitogenomes of five shrimp species from the infraorders Axiidea and 
Caridea, combining these with existing mitogenomes of 41 other shrimp species to examine 
phylogenetic relationships within three shrimp infraorders, Axiidea, Gebiidea and Caridea. 
This chapter finds strong differences in codon usage among the three infraorders and observes 
significant gene order rearrangements that are congruent with the inferred phylogenetic 
relationships, also noting that these rearrangements occur unevenly within and among the three 
infraorders and can potentially provide useful phylogenetic signals. This work has been 
published in the journal PeerJ2. 
 
Chapter 4 further explores the distribution and nature of mitochondrial gene rearrangements in 
crab species from the infraorders Anomura and Brachyura based on newly-generated 
mitogenomes for 12 anomuran species and 8 brachyuran species, combined with existing 
sequences from 67 other crab species. In this chapter, a new feature in MitoPhAST is 
                                                 
1 TAN, M. H., GAN, H. M., DALLY, G., HORNER, S., MORENO, P. A. R., RAHMAN, S. & AUSTIN, C. M. 
2018b. More limbs on the tree: mitogenome characterisation and systematic position of ‘living fossil’ species 
Neoglyphea inopinata and Laurentaeglyphea neocaledonica (Decapoda : Glypheidea : Glypheidae). Invertebrate 
Systematics, 32, 448-456. 
2 TAN, M. H., GAN, H. M., LEE, Y. P., POORE, G. C. B. & AUSTIN, C. M. 2017. Digging deeper: new gene 
order rearrangements and distinct patterns of codons usage in mitochondrial genomes among shrimps from the 
Axiidea, Gebiidea and Caridea (Crustacea: Decapoda). PeerJ, 5, e2982. 
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introduced, allowing users to compare MGOs across a large number of mitogenomes and is 
applicable to a broad range of animal mitogenomes. Using this tool, Anomura is identified as 
a taxonomic “hot spot” with high variability in MGOs, with a broad association of highly-
rearranged MGOs with several anomuran lineages inhabiting extreme niches. Similar to 
Chapter 3, this study also demonstrates the value of MGOs as a source of novel 
synapomorphies that can be used to shed light on relationships among challenging groups. This 
work has been published in the journal Molecular Phylogenetics and Evolution3. 
 
Chapter 5 contributes new mitogenomes for 21 species from 7 decapod infraorders, including 
a number of pre-identified taxonomic groups either lacking mitogenomic data or with limited 
sampling. Again, the newest version of the MitoPhAST pipeline is used with these new 
mitogenomes. Along with the addition of existing mitogenomes of 246 other decapod species, 
this chapter examines phylogenetic relationships across ten decapod infraorders and provides 
an overview of the distribution of MGOs throughout the Decapoda, revealing an uneven 
distribution of rearrangements across infraorders. Within a broader taxonomic range, this 
chapter re-examines the possible link reported in Chapter 4 of heightened rearrangements with 
variation in general ecology or lifestyles and found a lack of such correlation in other groups. 
This chapter also performs large-scale compositional-related comparisons of several 
mitogenome characteristics, revealing some of these features as having possible clade-specific 
signatures. This work has been accepted for publication in the journal Scientific Reports4. 
 
                                                 
3 TAN, M. H., GAN, H. M., LEE, Y. P., LINTON, S., GRANDJEAN, F., BARTHOLOMEI-SANTOS, M. L., 
MILLER, A. D. & AUSTIN, C. M. 2018c. ORDER within the chaos: Insights into phylogenetic relationships 
within the Anomura (Crustacea: Decapoda) from mitochondrial sequences and gene order rearrangements. 
Molecular Phylogenetics and Evolution, 127, 320-331. 
4 Manuscript accepted for publication to Scientific Reports on 5th July 2019. 
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The final research chapter, Chapter 6, goes beyond the consideration of just mitogenomes and 
explores the potential of GS in recovering additional nuclear genes from 99 low coverage 
sequence datasets. In this chapter, an enhanced version of MitoPhAST is presented with the 
ability to perform nucleotide-based phylogenetic analyses based on mitochondrial and/or 
nuclear genes. Work presented in this chapter also includes a search for additional intron-less 
nuclear genes across low coverage decapod datasets as well as demonstrates that the recovery 
of known phylogenetically-informative genes is possible at slightly elevated coverage, hinting 
at the untapped potential and utility of GS in recovering even more information from these 
inexpensive and increasingly abundant datasets. This work has been submitted to the journal 
Molecular Phylogenetics and Evolution and is currently under review5. 
 
Supplementary Data throughout all chapters referred to in this thesis are available at: 
Link  : https://cloudstor.aarnet.edu.au/plus/s/780UfLfbNfOazs4 







                                                 
5 Manuscript submitted to Molecular Phylogenetics and Evolution (MPE) and is currently under review. 
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Chapter 2: More limbs on the tree 
Mitogenome characterisation and systematic position of ‘living 
fossil’ species Neoglyphea inopinata and Laurentaeglyphea 
neocaledonica (Decapoda: Glypheidea: Glypheidae) 
Published on 4th April 2018 in Invertebrate Systematics 
 
2.1 Introduction 
Decapod crustaceans make up a highly diverse group of animals with almost 15 000 described 
extant species (De Grave et al., 2009), and these include not only familiar crustaceans such as 
the crabs (Brachyura, Anomura), shrimps (Dendrobranchiata, Caridea, Stenopodidea), lobsters 
and crayfish (Achelata, Astacidea), but also less well-known species from infraorders such as 
the Axiidea, Gebiidea, Polychelida and Glypheidea. The two extant species of the infraorder 
Glypheidea are the crustacean equivalent of the lobe-finned fish, the coelacanth (Amemiya et 
al., 2013), as both groups have a long evolutionary history based on fossils and their members 
were presumed extinct until living species were discovered relatively recently. The glypheids 
are therefore of special interest, first appearing in the Lower Triassic period, flourishing during 
the Jurassic, declining in the Cretaceous and thought to disappear before the end of Eocene 
(Forest et al., 1976). This group of lobster-like decapods was presumed extinct until the 
discovery of a male specimen of Neoglyphea inopinata Forest & Saint Laurent, 1975 from the 
Philippines (Forest et al., 1976) and a second population of the same species was subsequently 
serendipitously discovered in the Timor Sea off the north-west of Australia by a commercial 
fishing trawler (Holthuis, 1991). A single female specimen of a different glypheid species, 
placed in a new genus, Laurentaeglyphea neocaledonica Richer de Forges, 2006 was later 
discovered south-west of New Caledonia (Forest, 2006a). 
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Glypheids were previously considered primitive reptant crustaceans and were classified within 
the infraorder Palinura because both groups possess achelate and subchelate pereiopods 
(Forest, 2006a, Forest, 2006b). However, this classification was found to be deficient as it was 
based on superficial similarities rather than actual evolutionary affinities (Forest, 2006a, Forest, 
2006b) and that, instead, the glypheids were re-assessed as being closer to the Astacidea 
(freshwater crayfish and lobsters). Based on a cladistic analysis, Scholtz and Richter (1995) 
proposed a different arrangement, splitting Palinura into three groups, Achelata, Polychelida 
and Glypheidea. Following studies by Dixon et al. (2003), Bracken et al. (2009b) and 
Boisselier-Dubayle et al. (2010), Glypheidea was elevated to an infraorder within the Decapoda 
based on the only two known extant species (De Grave et al., 2009). It is important to note that 
the classification of the extant glypheid species is sometimes at odds with those derived from 
large fossil-based studies (Charbonnier et al., 2015, Karasawa et al., 2013, Schweitzer and 
Feldmann, 2014, Feldmann et al., 2015), and that Karasawa et al. (2013) additionally suggested 
that the extant glypheid species should be placed in a different family from the fossil glypheids. 
In this study, we follow the classification of De Grave et al. (2009). Several studies based on 
morphological and cladistic analyses (Dixon et al., 2003, Karasawa et al., 2013, Schram and 
Ahyong, 2002) and nucleotide sequences (Ahyong and O’Meally, 2004, Bracken-Grissom et 
al., 2014) support Glypheidea as a sister taxon to Astacidea, while other studies have found the 
group to be more closely related to Achelata and/or Polychelida, albeit with weaker support 
(Boisselier-Dubayle et al., 2010, Bracken et al., 2009b). As a result, the position of glypheids 
within the Decapoda is yet to be satisfactorily resolved. 
 
Evolutionary and phylogenetic studies based on mitochondrial genomes have greatly 
benefitted from the rapid progress of next-generation sequencing (NGS) protocols and 
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bioinformatics tools in enabling the rapid and inexpensive recovery of complete mitogenomes 
(Crampton-Platt et al., 2016, Bernt et al., 2013d, Gan et al., 2014, Hahn et al., 2013, Machado 
et al., 2016, Tamura et al., 2013, Tan et al., 2015). Although whole mitogenomes have become 
an increasingly important source of data for many decapod molecular phylogenetic studies, 
sequences for glypheids are currently limited to mostly incomplete mitochondrial (COI, 12S, 
16S) and nuclear genes (18S, 28S, H3, NaK, PEPCK) (Ahyong and O’Meally, 2004, Boisselier-
Dubayle et al., 2010, Bracken et al., 2009b, De Grave et al., 2015), despite its status as an 
infraorder and its unresolved position in the decapod phylogenetic tree. As a result, Glypheidea 
is absent in many large-scale Decapoda phylogenetic studies (Lin et al., 2012, Shen et al., 2013, 
Tan et al., 2015, Tsang et al., 2008), further emphasising the need for more molecular resources 
for this important group. Further, the availability of more NGS sequence data is also 
advantageous as they can potentially be mined for nuclear genes through a recent method 
termed ‘genome skimming’ (Grandjean et al., 2017, Straub et al., 2012). 
 
In this study, we describe the characteristics of complete mitogenomes of Neoglyphea 
inopinata and Laurentaeglyphea neocaledonica, the only two extant species known from the 
Glypheidea recovered. Since there have not been any complete mitochondrial genomes 
available for this decapod group before this study, we construct a decapod phylogenetic tree 
based on all available mitogenomes to investigate the phylogenetic placement of our 
specimens. We also conduct a survey of current mitogenome resources on NCBI’s RefSeq 
database for decapod crustaceans and examine the taxonomic coverage for each infraorder, to 
assist future taxon sampling strategies with respect to mitogenome sequencing and additional 
resources for future genome skimming works. 
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2.2 Material and Methods 
2.2.1 Sampling and Sequencing 
Muscle tissue from two N. inopinata specimens (voucher numbers: Cr018972, Cr006300) and 
one L. neocaledonica specimen (New Caledonia, voucher number: HOLOTYPE, MNHN-IU-
2008–14773 (= MNHN-Pa1805)) were obtained from specimens held in the Museum and Art 
Gallery of the Northern Territory, Australia (MAGNT), and the Museum National d’ Histoire 
Naturelle, Paris (MNHN), respectively. One of the N. inopinata specimens from the MAGNT 
was collected by a fishing trawler from the Timor Sea (Cr006300). The other specimen 
(Cr018972) originated from the Philippines and was originally from the collection of the 
MNHN (Timor Sea, voucher number: MNHN-IU-2008–14763 (= MNHNPa1789)) that was 
part of a specimen exchange between the MNHN and MAGNT (labels related to the exchange 
in Supplementary Data S2.1). Total genomic DNA was extracted from these tissue samples 
using the Sokolov method (Sokolov, 2000). Subsequent library preparation of the extracted 
gDNA and partial genome sequencing was carried out on the Illumina MiSeq located at the 
Monash University Malaysia Genomics Facility as previously described (Gan et al., 2014). 
 
2.2.2 Mitogenome assembly and annotation 
For each sample, adaptor sequences were removed from reads followed by quality-trimming 
(slidingwindow:4:20, leading:3, trailing:3, minlen:100) using Trimmomatic v.0.32 (Bolger et 
al., 2014). Reads were assembled with IDBA-UD v. 1.1.1 (Peng et al., 2012), followed by 
annotation of the mitogenome using the MITOS web server (Bernt et al., 2013d). Coordinates 
of protein-coding genes were further refined through manual adjustments based on predictions 
from NCBI’s ORF Finder tool (http://www.ncbi.nlm.nih.gov/projects/gorf/) and verified 
through BLASTP (Altschul et al., 1990) against NCBI’s non-redundant database. Sequences 
and secondary structures of non-coding genes (tRNA, rRNA) were predicted by MITOS. 
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Mitogenome characteristics were summarised with MitoPhAST v. 1.0 (Tan et al., 2015) and 
linear representations were visualised with EasyFig (Sullivan et al., 2011). 
 
2.2.3 Phylogenetic analyses 
The three Glypheidea mitogenomes generated in this study, along with the 164 decapod 
mitogenomes downloaded from NCBI’s RefSeq database, were used to estimate phylogenetic 
relationships among infraorders, with mitogenomes from the order Euphausiacea and subclass 
Hoplocarida used as outgroup taxa. In total, 167 mitogenome sequences were included in the 
dataset (Supplementary Data S2.2). Amino acid characters of each protein were aligned with 
MAFFT v. 7.222 (Katoh and Standley, 2013) and trimmed with trimAl v. 1.4 (Capella-
Gutiérrez et al., 2009). On the other hand, nucleotide characters of proteins were aligned with 
TranslatorX v. 1.1 (Abascal et al., 2010), which aligns gene sequences based on their 
corresponding amino acid translations to ensure more accurate alignment, followed by 
trimming of the alignment with Gblocks v. 0.91b (Castresana, 2000) using default parameters. 
 
Four datasets were produced in this study: (1) 13 PCG (aa); (2) 13 PCG (aa) + 12S + 16S; (3) 
13 PCG (nt); (4) 13 PCG (nt) + 12S + 16S. Sequences in all datasets were concatenated into 
super-alignments with FasconCAT v. 1.0 (Kück and Meusemann, 2010). This was followed 
by the inference of a maximum likelihood (ML) tree with ultrafast bootstrapping using IQ-
TREE v. 1.4.4 (Nguyen et al., 2015), which also carries out identification of the best 
partitioning strategy and model testing. Subsequently, three alternative topologies were also 
generated to test the likelihood of other possible placements of Glypheidea relative to other 
infraorders, based on reports in previous studies (Ahyong and O’Meally, 2004, Boisselier-
Dubayle et al., 2010, Bracken-Grissom et al., 2014, Dixon et al., 2003). The ML tree based on 
the largest dataset (dataset 4) generated in this study was combined with these alternative 
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topologies and topology testing was performed with IQ-TREE v. 1.4.4 (Nguyen et al., 2015), 
which includes the Shimodaira–Hasegawa test (Shimodaira and Hasegawa, 1999) based on 
1000 replicates and the approximately unbiased (AU) test (Shimodaira, 2002). 
 
For each super-alignment, Bayesian inference (BI) with ExaBayes v. 1.4.2 (Aberer et al., 2014) 
was also used for phylogenetic estimation by running four independent runs simultaneously 
for 5 million iterations each. A quarter of all iterations were discarded as burn-in and runs were 
only considered as converged when the average standard deviation of split frequencies (asdsf) 
was below 0.5%, which can be considered as ‘excellent convergence’ according to the 
ExaBayes user manual. In addition, Phylobayes-MPI v. 1.7 (Lartillot et al., 2013) was also 
used to run three independent Markov chain Monte Carlo chains simultaneously for 20 000 
iterations each (with 10% burn-in) to conduct a more robust analysis specifically to counter 
long-branch attraction (LBA) artefacts by using the site-heterogeneous model CAT (Lartillot 
et al., 2007). All trees were visualised using MEGA v. 6.06 (Tamura et al., 2013). 
 
2.3 Results 
2.3.1 Mitogenome characteristics and composition 
The complete mitogenome sequences for N. inopinata (voucher specimens Cr006300 and 
Cr018972) and L. neocaledonica (voucher specimen HOLOTYPE, MNHN-IU-2008–14773 (= 
MNHN-Pa1805)) were successfully recovered and are publicly available on NCBI with the 
accession numbers KT984196.1, KT984197.1 and KU500619.1, respectively. All 
mitogenomes contain the typical genes found in most metazoan mitogenomes, namely, 13 
protein-coding genes (PCG), 22 transfer RNAs (tRNA), two ribosomal RNAs (rRNA) and one 
putative control region (Table 2.1). 
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COI + 1 1537 1537 1 1537 1537 1 1537 1537 
trnL2 + 1538 1603 66 1538 1603 66 1538 1603 66 
COII + 1607 2314 708 1607 2314 708 1607 2314 708 
trnK + 2295 2360 66 2295 2360 66 2295 2360 66 
trnD + 2362 2426 65 2362 2426 65 2367 2431 65 
ATP8 + 2427 2585 159 2427 2585 159 2432 2590 159 
ATP6 + 2579 3253 675 2579 3253 675 2584 3258 675 
COIII + 3253 4044 792 3253 4044 792 3258 4049 792 
trnG + 4044 4109 66 4044 4109 66 4049 4114 66 
ND3 + 4110 4461 352 4110 4461 352 4115 4466 352 
trnA + 4462 4522 61 4462 4522 61 4467 4528 62 
trnR + 4526 4588 63 4526 4588 63 4531 4594 64 
trnN + 4588 4653 66 4588 4653 66 4594 4658 65 
trnS1 + 4654 4719 66 4654 4719 66 4659 4724 66 
trnE + 4720 4788 69 4720 4788 69 4725 4794 70 
trnF – 4790 4858 69 4790 4858 69 4794 4862 69 
ND5 – 4859 6587 1729 4859 6587 1729 4863 6591 1729 
trnH – 6588 6653 66 6588 6653 66 6592 6657 66 
ND4 – 6653 7996 1344 6653 7996 1344 6657 8000 1344 
ND4L – 7993 8289 297 7993 8289 297 7997 8293 297 
trnT + 8292 8357 66 8292 8357 66 8296 8361 66 
trnP – 8357 8419 63 8357 8419 63 8361 8424 64 
ND6 + 8412 8930 519 8412 8930 519 8426 8935 510 
Cytb + 8930 10069 1140 8930 10069 1140 8935 10074 1140 
trnS2 + 10065 10132 68 10065 10131 67 10070 10138 69 
ND1 – 10166 11107 942 10165 11106 942 10172 11113 942 
trnL1 – 11135 11200 66 11141 11206 66 11141 11206 66 
lrRNA – 11146 12509 1364 11152 12519 1368 11162 12537 1376 
trnV – 12531 12603 73 12540 12612 73 12538 12610 73 
srRNA – 12607 13449 843 12616 13459 844 12614 13457 844 
CR + 13450 14290 841 13460 14309 850 13458 14332 875 
trnI + 14289 14354 66 14310 14375 66 14333 14398 66 
trnQ – 14362 14430 69 14381 14449 69 14405 14473 69 
trnM + 14443 14510 68 14462 14529 68 14490 14558 69 
ND2 + 14511 15509 999 14530 15528 999 14559 15557 999 
trnW + 15508 15576 69 15527 15595 69 15556 15623 68 
trnC – 15576 15643 68 15595 15662 68 15623 15689 67 
trnY – 15646 15706 61 15665 15725 61 15692 15752 61 
 
The two species share very similar protein-coding gene lengths, with the only exception being 
the ND6 gene, which is 519 bp in N. inopinata, but only 510 bp in L. neocaledonica. Another 
difference between the mitogenomes of the two species is the initiation codon for the ND1 and 
ND5 genes. In N. inopinata, the typical ATG start codon is used whereas L. neocaledonica 
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uses the alternative GTG codon. In terms of gene order, the mitogenomes of the two species 
are identical to that considered to be the ancestral pancrustacean (Crustacea + Hexapoda) 
ground pattern (Figure 2.1) represented by Drosophila yakuba, Penaeus monodon or Daphnia 
pulex (Boore et al., 1998, Lavrov et al., 2004, Wilson et al., 2000). The structure of tRNA 
molecules can be found in Supplementary Data S2.3. 
 
 
Figure 2.1 Linear representation of Glypheidea mitogenomes. Genes in glypheid mitogenomes are arranged 
in an order identical to that of the ancestral pancrustacean (Crustacea + Hexapoda) gene order as used in Lavrov 
et al. (2004). Protein-coding genes and ribosomal RNAs are abbreviated as follows: ATP synthase (ATP), 
cytochrome c oxidase (CO), NADH dehydrogenase (ND), cytochrome b (CytB), large ribosomal RNA subunit (l-
rRNA), small ribosomal RNA subunit (s-rRNA). Transfer RNAs are labelled as single letters. 
 
2.3.2 Complete decapod infraorder taxon sampling for mitogenomes 
The phylogenetic tree in Figure 2.2 supports the monophyly of the suborder Pleocyemata, with 
ultrafast bootstrap and Bayesian posterior probability (PP) values indicated as nodal support. 
Most trees generated in this study are largely congruent with respect to the placement of most 
infraorders, with the Caridea in the most basal position and the Brachyura and Anomura placed 
as sister taxa and in the most derived position. Taxa with inconsistent positions include the 
Axiidea and Gebiidea, which are placed as sister in some trees, but the former is basal to the 
latter in others. Another discrepancy among trees is the position of the Stenopodidea, which is 
sometimes placed as the sister taxon to the Caridea. Sequence alignments are available as 
Supplementary Data S2.4 to Supplementary Data S2.6, visualised trees in Supplementary Data 
S2.7 and constructed trees in Newick format as Supplementary Data S2.8 to Supplementary 
Data S2.15. The phylogenetic tree in Figure 2.2, constructed based on dataset 4 (13PCG + 12S 
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+ 16S), shows that monophyly of all infraorders is generally highly supported (ultrafast 
bootstrap ≥99% and PP = 1.00). Deeper-level nodes have weak ML ultrafast bootstrap support 
but strong Bayesian PP values (≥0.99), with the exception of the placement of the Stenopodidea 
(PP = 0.68). For the Glypheidea, the two N. inopinata specimens form a clade that shares a 
sister relationship with L. neocaledonica with maximal nodal support (ultrafast bootstrap 
100%, PP 1.00). The glypheids are placed as a sister taxon to the Polychelida (ultrafast 
bootstrap 99%, PP 1.00), and this clade is in turn placed as a sister clade to Astacidea (ultrafast 




Figure 2.2 Decapod phylogenetic tree with 10 infraorders within the suborder Pleocyemata. Bayesian-
inferred phylogenetic tree was constructed from sequences of 13 mitochondrial protein-coding genes and two 
ribosomal RNA genes, which formed a super-alignment of 10,428 nucleotide characters from 166 taxa. Ultrafast 
bootstrap values (from ML analysis of the same dataset) and Bayesian posterior probabilities are indicated at each 
node. Nodes with ’–’ refer to topological incongruence between ML and BI trees of the same dataset. The number 
of unique species mitogenomes available on NCBI for each infraorder at the time of this study are labelled in 
parentheses beside each group, whereas the adjacent pie charts show taxonomic representation out of the total 
extant species described by De Grave et al. (2009) (blue: represented; red: unrepresented on the National Center 
for Biotechnology Information (NCBI)). Scale bar represents the number of substitutions per site. 
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When comparing the four topologies tested (Figure 2.3), the evaluation supports Topology I 
generated in this study (i.e. glypheids as sister taxon to polychelids) as most likely while 
rejecting Topology II (i.e. glypheids as sister taxon to astacids), Topology III (i.e. achelate 
basal to glypheids + astacids instead of polychelids) and Topology IV (i.e. achelates as sister 
taxon to polychelids, with glypheids basal to this group, followed by astacids) with P-values < 
0.05 in tree tests. This finding is further corroborated by the Phylobayes analysis, which also 
generated a tree (maxdiff 0.18) placing Glypheidea as sister taxon to Polychelida with 
Astacidea closely related to this group (Supplementary Data S2.16). 
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Figure 2.3 Evaluation of likelihood of alternative topologies. Topology testing of the tree generated in this 
study in addition to three alternative topologies that differ in terms of placement of Glypheidea as reported in 
other previous studies (Ahyong and O’Meally, 2004, Boisselier-Dubayle et al., 2010, Bracken-Grissom et al., 
2014, Dixon et al., 2003), performed based on the PCG (nt) + 12S + 16S dataset. Plus signs (+) denote 95% 
confidence sets whereas Minus signs (–) denote significant exclusion. 
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Additionally, pie charts in Figure 2.2 show taxonomic coverage of each decapod suborder and 
infraorder represented as the proportion of extant (living) species that have complete 
mitogenome sequences available on NCBI’s RefSeq database. The taxonomic coverage for 
Glypheidea is 100%, as it consists of just the two extant species sequenced for this study. This 
is followed by the Achelata and Astacidea with the next highest coverage of 7.9% and 6.9%, 
respectively. However, most infraorders, even the less speciose ones (e.g. Polychelida, 
Stenopodidea), still exhibit very low taxonomic coverage (0.4% to 2.6%) on the NCBI database 
relative to the total estimated number of extant species (Table 2.2). 
 
Table 2.2 Taxonomic coverage of decapod suborders and infraorders. 
 
Taxonomic levels Described extant species 
(De Grave et al., 2009) 
mtDNA on NCBI 
Order Suborder Infraorder # species % species 
Decapoda - - 14,335 156 1.09% 
- Dendrobranchiata - 540 13 2.41% 
- Pleocyemata - 13,795 143 1.04% 
- - Achelata 140 11 7.86% 
- - Anomura 2,451 9 0.37% 
- - Astacidea 653 45 6.89% 
- - Axiidea 423 6 1.42% 
- - Brachyura 6,559 44 0.67% 
- - Caridea 3,268 19 0.58% 
- - Gebiidea 192 5 2.60% 
- - Glypheidea 2 2 100.00% 
- - Polychelida 38 1 2.63% 
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2.4 Discussion 
This study represents the first decapod phylogenetic analysis performed on complete 
mitogenomes that includes glypheid species, and hence is the first to consider 10 recognised 
decapod infraorders using this molecular marker. The classification used in this study is based 
on the scheme by De Grave et al. (2009), which does not include the most recently recognised 
infraorder Procarididea (Bracken et al., 2010, De Grave and Fransen, 2011). The two glypheid 
species form a monophyletic group consistent with its infraordinal status (Boisselier-Dubayle 
et al., 2010). The glypheid species are placed as sister taxa to the Polychelida (PP 1.00) and 
this clade, in turn, shares a sister relationship with Astacidea. The present study is the first to 
recover these relationships and contrasts with the results of many studies that have placed 
Glypheidea as the sister group to Astacidea (Ahyong and O’Meally, 2004, Bracken-Grissom 
et al., 2014, Dixon et al., 2003, Karasawa et al., 2013, Schram and Ahyong, 2002), or have 
suggested that glypheids share a sister relationship with the Achelata-Polychelida clade 
(Boisselier-Dubayle et al., 2010). In many of these studies, the exact positions of Glypheidea 
and Polychelida remain unresolved as limited molecular data are available for both groups. 
Despite the high general nodal support in our analyses, we are still unable to confidently 
confirm the phylogenetic placement of Glypheidea because, given that Polychelida is 
represented by a single specimen, there is a possibility that the relationships may be an artefact 
caused by long-branch attraction (LBA) (Bergsten, 2005, Timm and Bracken-Grissom, 2015). 
While our efforts to minimise conclusions influenced by LBA artefacts through both the testing 
of alternative topologies (Figure 2.3) and the use of site-heterogeneous models (Supplementary 
Data S2.16) have provided increased confidence for a Glypheidea-Polychelida sister 
relationship, further efforts to increase sampling of Polychelida species are necessary to 
eliminate possible LBA effects relating to this lineage. Additionally, the extant glypheid and 
polychelid species used in this study are crown representatives of their respective groups and 
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may represent only the remnants of massively diverse stem groups and lineages (De Grave et 
al., 2009, Karasawa et al., 2013). Thus, the phylogenetic relationships recovered in this study 
may not capture the true relationships of these historically diverse and ancient taxa. 
 
More broadly, the placement of the infraorders in our analyses is largely consistent with many 
studies (Bracken-Grissom et al., 2014, Lin et al., 2012, Shen et al., 2013). One inconsistency 
between our trees and other studies is the placement of the Axiidea and Gebiidea, which were 
previously classified together as thalassinidean shrimps (Ahyong and O’Meally, 2004, 
Crandall et al., 2000, Porter et al., 2005), with these two groups sharing a sister relationship in 
the ML tree but not in the Bayesian-inferred tree (Figure 2.2; Supplementary Data S2.7). 
Phylogenetic placement of these two infraorders has been highly inconsistent among studies 
(Bracken-Grissom et al., 2014, Lin et al., 2012, Shen et al., 2013, Tan et al., 2015, Tsang et al., 
2008). Thus, these two groups are worthy of more detailed study in terms of taxonomic and 
gene sampling to more confidently establish their relationships with one another and their 
placement within the decapod tree. Aside from the aforementioned infraorders, our trees in this 
study are congruent with respect to the positions of the other infraorders, with the shrimps 
(Dendrobranchiata, Caridea and Stenopodidea) at the base of Decapoda and the crabs 
(Brachyura, Anomura) as derived lineages, consistent with many large-scale studies (Bracken-
Grissom et al., 2014, Lin et al., 2012, Shen et al., 2013, Tan et al., 2015, Tsang et al., 2008). 
 
Sequencing of the glypheid mitogenome sequences was carried out as part of an effort to 
identify and contribute molecular data to decapod groups lacking or with reduced 
representation on the NCBI database, specifically in the form of complete mitogenomes. For 
our survey, we estimated taxonomic representation of mitogenomes relative to the number of 
estimated extant species (Figure 2.2; Table 2.2), as infraorders differ widely in their diversity, 
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ranging from thousands of species (e.g. Brachyura – 6559, Caridea – 3268) to less than a 
hundred (e.g. Glypheidea – 2, Polychelida – 38, Stenopodidea – 69) (De Grave et al., 2009). 
In the case of Glypheidea, all known living species have been sampled in this study, so it is the 
only group with 100% taxonomic coverage. The next highest coverage is much lower, Achelata 
at only 7.9% (11 of 140 species), reflecting its relatively low number of described species and 
the commercial importance of many species. On the other hand, Astacidea at 6.9% (45 of 653 
species) has seen its molecular resources grow steadily due to intense study by several research 
groups (Gan et al., 2014, Miller et al., 2004, Shen et al., 2013, Shen et al., 2015, Tan et al., 
2015). Mitogenomes for the Brachyura are numerically well represented on NCBI (Place et al., 
2005, Segawa and Aotsuka, 2005, Sun et al., 2005, Yang et al., 2013); however, because it is 
by far the most diverse decapod infraorder, these mitogenomes account for less than 1% of the 
total number of species (0.7% or 44 of 6559 species), which highlights the need to strategically 
sequence more mitogenomes from this group (De Grave et al., 2009). 
 
While NGS technology enables rapid recovery of complete mitogenomes, it is still essential to 
identify groups that will benefit most from additional mitogenome sequencing due to the high 
diversity of the Decapoda. Inadequate sampling of a particular group can result in inaccurate 
inferences of monophyly or cause LBA (Shen et al., 2013, Timm and Bracken-Grissom, 2015), 
as unbalanced taxonomic coverage is often a major cause of incongruence among phylogenetic 
trees (Shen et al., 2013, Tsang et al., 2014, Aznar-Cormano et al., 2015). Thus, it is important 
to conduct broad sampling of groups of interest across various lineages to ensure robust 
phylogenetic inferences (Timm and Bracken-Grissom, 2015). From this survey, while most 
groups can still benefit from increased sampling, we identified several groups in the decapod 
tree that are quite deficient in terms of sampling, namely, the less diverse groups including the 
Axiidea, Gebiidea, Polychelida and Stenopodidea. In addition to the insights provided by the 
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glypheid mitogenomes presented in this study, we hope that our snapshot of currently available 
mitogenome resources provides a guide for future taxonomic sampling efforts to work towards 
efficiently resolving phylogenetic relationships within and among the major decapod groups. 
It is also apparent from our study that NGS-based approaches can be highly effective in 
recovering complete mitogenomes from relatively old preserved specimens, which can be 
problematic to study using traditional PCR-based methods (Aznar-Cormano et al., 2015). 
 
More generally, NGS-based studies used to recover mitogenomes generate datasets that can 
also be mined for highly repetitive nuclear gene sequences (Besnard et al., 2016, Grandjean et 
al., 2017, Kocher et al., 2015, Kocher et al., 2014, Richter et al., 2015). This is advantageous 
as gene trees derived from mitogenome-based sequences may not be congruent with nuclear-
based phylogenies (Timm and Bracken-Grissom, 2015). Thus, it is noteworthy that we were 
able to recover the full gene sequences for the nuclear 18S, 28S and H3 genes from the NGS 
data derived from glypheid samples, the same genes recovered by Grandjean et al. (2017) in 
their study of freshwater crayfish. We are thus now exploring the prospect of applying the 
genome skimming approach to samples from all decapod infraorders as a rapid and efficient 
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3.1 Introduction 
Sequencing of animal mitochondrial genomes has exploded in recent years. Over 40,000 
animal mitogenomes are currently lodged on the NCBI database compared to fewer than 5,000 
sequences a decade ago. As mitogenomic data have accumulated, it has become apparent that 
mitochondrial gene order is not as conserved as first thought, and that interesting and 
phylogenetically useful patterns that invite further research are emerging (Boore, 2006, 
Dowton et al., 2002, Gan et al., 2016e, Gissi et al., 2008, Lin et al., 2012, Poulsen et al., 2013, 
Tan et al., 2015). 
 
In addition to gene order evolution, properties of mitogenome sequences that are of 
phylogenetic significance have emerged that are of interest to comparative mitogenomics such 
as gene loss and duplications, AT bias, strand asymmetry in nucleotide composition, length, 
and structure of the large non-coding regions (putative control region), features of intergenic 
non-coding regions, codon usage, variation in gene length, variation in start and stop codons, 
gene diversity levels, mutation rates, and signals of selection and secondary structures of 
ribosomal genes (Bauzà-Ribot et al., 2009, Gissi et al., 2008, Jia and Higgs, 2008, Li et al., 
2015, Oliveira et al., 2008, Poulsen et al., 2013, Qian et al., 2011, Shoemaker et al., 2004). 
However, despite the rapidly accumulating mitogenomic resources, there are gaps in 
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taxonomic representation and more data are required to fully evaluate the usefulness of 
mitogenome gene rearrangements as phylogenetic markers in specific groups (Mao et al., 2014, 
Tan et al., 2015) and for broadly based comparative studies to detect patterns and investigate 
evolutionary hypotheses (Boore, 2006, Castellana et al., 2011, Gissi et al., 2008, Jiang et al., 
2007). 
 
In general, the overall structure and function of animal mitochondrial genomes are remarkably 
stable. It is a circular, double-stranded DNA molecule of usually 15–20 kb in length, generally 
containing a consistent set of 37 genes made up of two ribosomal RNA genes (rRNA), 13 
protein-coding genes (PCG) and 22 transfer RNA genes (tRNA) (Bernt et al., 2013d, Castellana 
et al., 2011, Gissi et al., 2008). Intergenic regions are usually minimal, although all species 
contain at least one large AT-rich region associated with strand replication e.g., the putative 
control region. Mutations in the mitochondrial DNA can range from point mutations and 
infrequent insertions/deletions to gene order rearrangements. However, the type, scale and 
distribution of mutations can vary widely across various taxonomic levels (Gissi et al., 2008, 
Tan et al., 2015). 
 
The most common mitogenome gene order rearrangements involve the translocation of single 
tRNA genes and occasionally with a change of transcriptional polarity or duplication. Less 
frequent is the repositioning of multiple tRNAs, duplication of the putative control region or 
changes to the order and orientation of protein coding and rRNA genes. The paradox of 
mitogenome gene rearrangements is that the molecule can be highly conserved among 
phylogenetically distant species such as some insect and decapod crustacean species but can, 
in a restricted number of taxonomic groups, also vary substantially among species in the same 
family or genus. Examples of taxa with a concentration of reported mitogenome gene 
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rearrangements include ticks (Fahrein et al., 2007, Shao et al., 2005a), hymenopterans (Dowton 
et al., 2003), gulper eels (Poulsen et al., 2013), salamanders (Chong and Mueller, 2013a), 
tunicates (Gissi et al., 2004), and in several crustacean groups (Kilpert and Podsiadlowski, 
2006, Kim et al., 2012b, Miller et al., 2004, Stokkan et al., 2016, Tan et al., 2015). 
 
Codon usage is another aspect of comparative mitogenomics that is attracting increasing 
attention as research moves from describing patterns to understanding them within an 
evolutionary and molecular genetic context (Castellana et al., 2011, Gissi et al., 2008, Jiang et 
al., 2007). Amino acids can be encoded by two to six codons, but alternative codons for the 
same amino acid often do not occur at equal frequencies either between species for the same 
gene or between different genes in the one species. Patterns of differential codon usage have 
been attributable to selection, variable mutation rates, translational efficiency, and random 
factors (genetic drift) (Castellana et al., 2011, Jia and Higgs, 2008, Prat et al., 2009, Whittle 
and Extavour, 2015). However, it has been rarely addressed among crustacean species (Cook 
et al., 2005, García-Machado et al., 1999, Rota-Stabelli et al., 2013). 
 
As in other major animal groups, mitogenome sequences are becoming increasingly available 
for decapod crustacean species, contributing to the understanding of the evolution of this 
taxonomically challenging group due to its high diversity, deep lineages, and highly flexible 
body plan (Shen et al., 2013, Tan et al., 2015). In addition, intriguing and taxonomically 
unevenly distributed gene order rearrangements are emerging, requiring further investigation 
and raising questions regarding the dynamics and drivers of mitogenome gene order evolution 
in several groups (Kilpert and Podsiadlowski, 2006, Miller et al., 2004, Gan et al., 2016f). Two 
of the less well-represented decapod crustacean infraorders in mitochondrial databases are the 
shrimp infraorders Axiidea (ghost shrimps, sponge shrimps, and mud lobsters) and Caridea 
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(true shrimps) (Tan et al., 2015, Lin et al., 2012). Further, the phylogenetic relationships within 
and among these shrimp groups remain largely unresolved and disputed (Lin et al., 2012, Timm 
and Bracken-Grissom, 2015). A major limiting factor to the resolution of phylogenetic 
relationships within and among these shrimp lineages and the determination of the distribution 
and evolutionary significance of mitogenome gene order rearrangements is inadequate taxon 
sampling (Shen et al., 2013, Tan et al., 2015, Lin et al., 2012). 
 
At the present time, the Axiidea, Gebiidea, and Caridea are represented by only six, five and 
17 complete mitogenomes respectively on the NCBI public database. To support ongoing 
phylogenetic and comparative mitogenomic studies, this paper reports five new mitogenome 
sequences of shrimp species sampled from Australia. These include two mitogenomes from 
the ghost shrimp, Callianassa ceramica Fulton & Grant, 1906 and Trypaea australiensis Dana, 
1852 (Callianassidae), and three from caridean shrimps Macrobrachium bullatum Fincham, 
1987 (Paleamonidae), Alpheus lobidens De Haan, 1849 (Alpheidae) and Caridina cf. nilotica 
Roux, 1833 (Atyidae), each of which represents highly diverse superfamilies, families and 
genera within Caridea. This study compares the mitogenomic features of these five species 
together with additional representatives of their infraorders and Gebiidea available from the 
NCBI database. In addition to exploring evolutionary relationships within each infraorder, we 
uncover distinctive signatures and patterns with respect to sequence composition, codon usage 
bias, and gene rearrangements that can possibly act as synapomorphies for specific shrimp 
taxonomic groups, suggesting the potential of these features for phylogenetic inferences at 
different evolutionary scales. 
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3.2 Material and Methods 
3.2.1 Sample collection 
Two species belonging to the infraorder Axiidea (C. ceramica, T. australiensis) and three from 
Caridea (Macrobrachium bullatum, A. lobidens, Caridina cf. nilotica) were collected from 
different locations in Australia (Table 3.1). C. ceramica is represented by two individuals: one 
from a vouchered specimen (Museum Victoria J40715; GenBank accession number 
KU350630.1); and the other a previously sequenced sample published incorrectly as T. 
australiensis (KM501040.1) (Gan et al., 2016e). The mitogenome sequence for this latter 
sample is now registered as C. ceramica under the accession number KU726823.1 and has a 
genetic similarity of 99.8% to the COI region of a vouchered C. ceramica specimen (Museum 
Victoria J70519) collected from the same general locality. 
 














Family Callianassidae Callianassidae Callianassidae Alpheidae Atyidae Palaemonidae 
Subfamily Callianassinae Callianassinae Callianassinae N/A N/A Palaemoninae 
Location Anglesea, 
South west of 
Geelong, 
Victoria 























(660 bp COI)1 
N/A N/A N/A 100% 
(326 bp 16S)2 
100% 
(447 bp 16S)3 
Accession # KU362925.1 KU350630.1 KM501040.2 KP276147.1 KU726823.1 KM978918.1 
       
NMV, Museum Victoria; MAGNT, Museum and Art Galleries of the Northern Territory. 
1 NMV J70519, Point Roadknight, Anglesea, Victoria. 
2 Page et al. (2007) – DQ478508.1 – MAGNT Cr. 9399. 
3 Murphy and Austin (2004) – AY282778.1. 
 
To maintain continuity with the original NCBI accession number and species name, the original 
mitogenome sequence lodged on NCBI for T. australiensis was updated with the newly 
sequenced mitogenome from a vouchered T. australiensis specimen (Museum Victoria J40711; 
GenBank accession number: KM501040.2). The accession numbers for each species and 
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associated collecting and identification-related information are detailed in Table 3.1 and 
Supplementary Data S3.1, including voucher numbers for specimens lodged in Museum 
Victoria, Melbourne (NMV) and the Museum and Art Gallery of the Northern Territory, 
Darwin (MAGNT). 
 
3.2.2 Next-generation sequencing and mitogenome assembly 
Purification of ethanol-preserved tissue and partial whole genome sequencing (2 × 75 bp for 
T. australiensis and 2 × 250 bp for others) was performed on the Illumina MiSeq platform as 
previously described (Gan et al., 2014), after which each mitogenome was assembled with 
IDBA_UD v.1.1.1 (Peng et al., 2012) and annotated using MITOS (Bernt et al., 2013d). 
Circular mitogenome maps were drawn with BRIG v.0.9.5 (Alikhan et al., 2011). Summary 
statistics including gene boundaries and length, strand, nucleotide composition, intergenic 
nucleotides, and number of genes were compiled with MitoPhAST v.1.0 (Tan et al., 2015). 
Alignment of whole mitogenome sequences and calculation of pair-wise nucleotide identities 
were performed with SDT v.1.2 (Muhire et al., 2014). 
 
 
3.2.3 Gene order analysis 
Along with the five mitogenomes sequenced in this study, sequences from 28 other complete 
mitogenomes from the three infraorders were obtained from NCBI’s RefSeq database (Table 
3.2) for comparative analyses. Arrangements of genes for each of these 33 mitogenomes were 
compared with all other existing decapod mitogenomes in RefSeq to identify potential novel 
gene orders unreported by previous studies. Mitogenomes that exhibit gene orders differing 
from that of the pancrustacean ground pattern (Boore et al., 1998) were re-annotated with 
MITOS (Bernt et al., 2013d) to confirm that differences observed are not due to 
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misannotations. Any observed misannotations (e.g., missing genes, incorrect gene boundaries) 
were corrected before proceeding to further comparative and phylogenetic analyses. 
 
Table 3.2 List of samples and their corresponding accession numbers included in phylogenetic 
and comparative analyses. 
Infraorder Family Species Accession Reference 
Axiidea Callianassidae Callianassa ceramica KU350630.1 This study 
    Callianassa ceramica KU362925.1 Gan et al. (2016e) 
    Corallianassa coutierei NC_020025.1 Shen et al. (2013) 
    Nihonotrypaea japonica NC_020351.1 Kim et al. (2013) 
    Nihonotrypaea thermophile NC_019610.1 Lin et al. (2012) 
    Paraglypturus tonganus1 NC_024651.1 Kim et al. (2016b) 
    Trypaea australiensis2 KM501040.2 This study 
  Strahlaxiidae Neaxius glyptocercus NC_019609.1 Lin et al. (2012) 
         
Gebiidea Thalassinidae Thalassina kelanang NC_019608.1 Lin et al. (2012) 
  Upogebiidae Austinogebia edulis NC_019606.1 Lin et al. (2012) 
    Upogebia major NC_019607.1 Lin et al. (2012) 
    Upogebia pusilla NC_020023.1 Shen et al. (2013) 
    Upogebia yokoyai NC_025943.1 Yang et al. (2016b) 
         
Caridea Alvinocarididae Alvinocaris chelys NC_018778.1 Yang et al. (2012) 
    Alvinocaris longirostris NC_020313.1 Yang et al. (2013) 
    Nautilocaris saintlaurentae NC_021971.1 Kim et al. (2015a) 
    Opaepele loihi NC_020311.1 Yang et al. (2013) 
    Rimicaris exoculata NC_027116.1 Yu et al. (2015) 
    Rimicaris kairei NC_020310.1 Yang et al. (2013) 
  Alpheidae Alpheus distinguendus NC_014883.1 Qian et al. (2011) 
    Alpheus lobidens KP276147.1 This study 
  Atyidae Caridina gracilipes NC_024751.1 Xu et al. (2016a) 
    Caridina cf. nilotica KU726823.1 This study 
    Halocaridina rubra NC_008413.1 Ivey and Santos (2007) 
    Neocaridina denticulata NC_023823.1 Yu et al. (2014) 
    Paratya australiensis NC_027603.1 Gan et al. (2015a) 
  Palaemonidae Macrobrachium bullatum KM978918.1 This study 
    Macrobrachium lanchesteri NC_012217.1 Unpublished 
    Macrobrachium nipponense NC_015073.1 Ma et al. (2011) 
    Macrobrachium rosenbergii NC_006880.1 Miller et al. (2005) 
    Palaemon carinicauda NC_012566.1 Shen et al. (2009) 
    Palaemon gravieri NC_029240.1 Kim et al. (2015b) 
    Palaemon serenus NC_027601.1 Gan et al. (2015b) 
     
Dendrobranchiata Sergestidae Acetes chinensis NC_017600.1 Kim et al. (2012a) 
(outgroup) Penaeidae Farfantepenaeus californiensis NC_012738.1 Gutiérrez-Millán et al. (2002) 
  Fenneropenaeus chinensis NC_009679.1 Shen et al. (2007) 
  Fenneropenaeus merguiensis NC_026884.1 Zhang et al. (2016a) 
  Fenneropenaeus penicillatus NC_026885.1 Zhang et al. (2015) 
  Litopenaeus vannamei NC_009626.1 Unpublished 
  Marsupenaeus japonicas NC_007010.1 Yamauchi et al. (2004) 
  Metapenaeopsis dalei NC_029457.1 Kim et al. (2016a) 
  Metapenaeus ensis NC_026834.1 Zhang et al. (2016b) 
  Parapenaeopsis hardwickii NC_030277.1 Mao et al. (2016) 
  Penaeus monodon NC_002184.1 Wilson et al. (2000) 
 Solenoceridae Solenocera crassicornis NC_030280.1 Unpublished 
1 Mitogenome from taxonomically verified T. australiensis sample resubmitted as version two under same accession number. 
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3.2.4 Phylogenetic analysis 
Mitogenomes listed in Table 3.2 were subject to phylogenetic analysis to establish the 
evolutionary relationships of species within each of the infraorders to provide a framework for 
interpreting mitogenome gene rearrangements. MitoPhAST v.1.0 (Tan et al., 2015) was used 
to extract individual PCG amino acid sequences, and these protein sequences were then 
separately aligned with MAFFT v.7.222 (Katoh and Standley, 2013), followed by trimming 
with trimAl v.1.4 (Capella-Gutiérrez et al., 2009). For nucleotide level analyses, PCG 
nucleotide sequences were manually extracted and fed to TranslatorX v.1.1 (Abascal et al., 
2010), which aligns nucleotide sequences guided by amino acid translations and then trimmed 
with Gblocks v.0.19b (Castresana, 2000). On the other hand, rRNA was aligned with MAFFT 
v.7.222 (mafft-linsi) (Katoh and Standley, 2013) and trimmed with trimAl v.1.4 (Capella-
Gutiérrez et al., 2009). Finally, mitochondrial PCG and rRNA sequences were concatenated 
into super-alignments to make up the following datasets: 
A. 13 PCG (aa) [3,591 characters] 
B. 13 PCG (nt) [9,642 characters] 
C. 13 PCG (aa) + 12S rRNA + 16S rRNA [5,694 characters] 
D. 13 PCG (nt) + 12S rRNA + 16S rRNA [11,755 characters] 
 
Maximum-likelihood (ML) tree inference with ultrafast bootstrap (UFBoot) branch supports 
(Minh et al., 2013) was performed using IQ-TREE v.1.5.0 (Nguyen et al., 2015), which also 
implements model selection to find the best-fit partitioning scheme. Super-alignments for all 
datasets were partitioned based on genes. 
 
An additional analysis for Dataset B that further partitions it according to first, second and third 
codon positions was also performed. For Bayesian inference, the same super-alignments 
generated from all datasets were analysed using Exabayes v.1.4.2 (Aberer et al., 2014). For 
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each analysis, four independent runs were carried out concurrently for five million iterations 
each with 25% of initial samples discarded as burn-in. Convergence of chains was checked by 
ensuring the average standard deviation of split frequencies (asdsf) is below 0.5%, considered 
to be good convergence according to the Exabayes user guide. Alignments, partitions and best-
fit partitioning schemes for all datasets are available as Supplementary Data S3.2. 
 
3.2.5 Codon usage analysis 
Codon usage (in counts) was calculated using EMBOSS v.6.5.7 (Rice et al., 2000) followed 
by minor adjustments based on the Invertebrate Mitochondrial Code (genetic code = 5). 
Comparisons among the three lineages of shrimps were made by applying the chi-square test 
to the pooled codon usage counts for species from each infraorder. Relative synonymous codon 
usage (RSCU) values were calculated by taking the ratio of the number of times a codon 
appears to the expected frequency of the codon if all synonymous codons for a same amino 
acid are used equally (Sharp and Li, 1987). Patterns of variation among individuals in RSCU 
values were summarised using multidimensional scaling (MDS) based on Euclidean 
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3.3 Results 
3.3.1 Mitogenome composition 
Mitogenomes for specimen J40715 of C. ceramica (16,899 bp, 130× cov), T. australiensis 
(15,485 bp, 86× cov), M. bullatum (15,774 bp, 27× cov), A. lobidens (15,735 bp, 60× cov) and 
Caridina cf. nilotica (15,497 bp, 63× cov) were assembled into complete circular sequences, 
annotated (Figure 3.1), and deposited in GenBank with accession numbers listed in Table 3.1. 
Four of the mitogenomes contain the typical 13 PCG, two ribosomal RNA genes, 22 transfer 
RNA genes and one long non-coding region while A. lobidens has an additional trnQ flanked 
by the ND4L and trnT genes (Figure 3.1). Detailed composition of each mitogenome can be 
found in Supplementary Data S3.1 while general information on % AT and lengths for all 
mitogenomes included in this study are in Supplementary Data S3.3. The mitogenomes are AT 
rich (58.9–69.7%), with A. lobidens having the lowest AT content, matching closely to Alpheus 
distinguendus (60.2%), the only other species of Alpheus having a published mitogenome 
sequence. Gene lengths are typical but Callianassa and Trypaea have an elevated proportion 
of intergenic nucleotides, with some spacers in the order of 200 bp in length. This is 
significantly larger than for other members of the Axiidea, but similar to spacers reported for 
the Gebiidea. C. ceramica (KU350630.1) has an unusually long putative control region of 
2,036 bp, whereas for all the other taxa it is less than 1,000 bp, including the closely-related T. 
australiensis (587 bp). However, the putative control region for the conspecific C. ceramica 
(KU362925.1) is very similar (1,978 bp) and these two specimens are also very similar in terms 
of % AT (69.7 and 70.2%). A matrix of pair-wise identities of whole mitogenome sequence 
alignments can be found in Supplementary Data S3.4. 
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Figure 3.1 Circular representation of three caridean and two axiidean species. These figures show 
composition and order of protein-coding genes (blue), ribosomal RNAs (orange), transfer RNAs (purple) and 
large non-coding region (grey) for the following mitogenomes: (A). Alpheus lobidens, (B). Caridina cf. nilotica, 











Chapter 3: Digging deeper | 66 
3.3.2 Manual inspection and MITOS annotation identified multiple erroneously 
annotated crustacean mitogenomes in GenBank RefSeq database 
The re-annotated species with gene orders divergent to that of the pancrustacean ground 
patterns obtained from GenBank’s RefSeq database identified several that require revision. 
One was found to have a missing protein-coding gene and an extra trnS, and others inverted 
rRNA and tRNA coordinates and other annotation anomalies as detailed in Table 3.3. For our 
study, entries were edited based on MITOS annotations and the revised GenBank files for these 
entries are included as Supplementary Data S3.5. 
 
Table 3.3 List of samples for which annotations were corrected based on re-annotation with 
MITOS. 
Accession # Species 
Genes 
involved1 
Correction/Edits made in this study 
NC_024751.1 Caridina gracilipes ND2, trnS Added ND2, removed duplicated trnS 
NC_012217.1 Macrobrachium lanchesteri rrnS, rrnL Inverted coordinates for rrnS and rrnL 
NC_020025.1 Corallianassa coutierei trnI, trnQ Inverted coordinates for trnI and trnQ 
NC_020351.1 Nihonotrypaea japonica rrnS, rrnL Added rrnS and rrnL coordinates 




3.3.3 Whole mitogenomes are consistent with monophyly of infraorders Axiidea, 
Gebiidea, and Caridea 
A total of 33 mitogenome sequences from the three groups of interest were utilised (Axiidea: 
eight, Gebiidea: five, Caridea: 20) to elucidate phylogenetic relationships, with an additional 
12 Dendrobranchiata mitogenomes as an outgroup (Table 3.2). Trees constructed from every 
dataset and analysis are available in Supplementary Data S3.6. All trees place M. bullatum, A. 
lobidens, and Caridina cf. nilotica as sister taxa to other species from their respective genera 
with relatively high nodal support (UFBoot ≥ 93%, PP 1.00). These trees also consistently 
place C. ceramica as sister to T. australiensis (UFBoot 100%, PP 1.00) within Axiidea. 
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The Bayesian-inferred phylogenetic tree in Figure 3.2A, constructed based on amino acid 
sequences of 13 PCGs and nucleotide sequences of two rRNAs (Dataset C), shows a tree 
topology that is shared by most trees inferred in this study. Most nodes received maximal 
support from each analysis and dataset. The greatest levels of uncertainty in terms of 
phylogenetic placement are mostly relating to the relationships among closely related taxa, 
such as in the Palaemon (6/10 trees), Rimicaris–Opaepele–Alvinocaris–Nautilocaris (2/10 
trees), Upogebia–Austinogebia (1/10 trees), Corallianassa–Paraglypturus (1/10 trees), and 
Macrobrachium (1/10 trees) clades. The only deeper clade with low support is the placement 
of Atyidae as the sister clade of Alvinocarididae within Caridea (UFBoot ≥ 90, PP 1.00). 
Within Axiidea, maximal support is observed for almost all nodes. The most basal split in this 
infraorder separates Strahlaxiidae (Neaxius acanthus) from Callianassidae. Within 
Callianassidae, the three major lineages correspond to accepted subfamilies, two represented 
by one species each and Callianassinae by four species. In as far as it goes, the phylogenetic 
placements of mitogenome sequences in Axiidea are congruent with the current classification 
at the family, subfamily, and generic levels (Felder and Robles, 2009) (Figure 3.2A). These 
analyses of just four upogebiid species indicate that Upogebia may be paraphyletic with respect 
to Austinogebia. Since these two genera are nominally represented by over 120 and eight 
species respectively, any comment on their status is premature at this stage. The degree of 
divergence between the species of Rimicaris and Opaepele is small relative to the degree of 
divergence between congeneric species within Macrobrachium, Alpheus, Caridina, and 
Alvinocaris. 
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Figure 3.2 Phylogenetic relationships and gene order rearrangements within Axiidea, Gebiidea and 
Caridea. (A). Phylogenetic tree with support values indicated at each node (top, l-r: ML and BI support for PCG 
(aa) + 12S + 16S dataset), bottom, l-r: ML and BI support for PCG (nt) + 12S + 16S dataset). Square brackets [ ] 
around a value indicate that the shown topology is in conflict with that constructed by the specific dataset. If 
values are absent at a node, maximum support was found for that node based on all phylogenetic inference 
methods and datasets. Topology shown was inferred from Bayesian analysis of PCG (aa) + 12S + 16S dataset. 
Codes on branches (Gr, Pa, Ap1, Ap2, Up, Ax1, Ax2) correspond to gene order pattern listed in B while red stars 
indicate mitogenomes sequenced in this study. (B). Gene order of various groups. Yellow triangles under genes 
indicate differences in arrangement compared to the ground pancrustacean pattern. 
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3.3.4 Deviation from the pancrustacean ground pattern is prevalent in the currently 
sequenced members of the Axiidea and Gebiidea 
Most mitogenomes from caridean species have the pancrustacean ground pattern (pattern Gr, 
Figure 3.2B). Those that differ show only minor rearrangements involving the short tRNA 
genes (patterns Pa, Ap1, and Ap2). In contrast, the mitogenomes of species within Axiidea and 
Gebiidea exhibit relatively substantial differences in gene order (patterns Up, Ax1, and Ax2) 
entailing rearrangements of PCG, rRNAs, and a number of tRNAs. An example is pattern Ax2 
shown in Figure 3.2B, which includes the inversion of the ND1, lrRNA, srRNA, and trnI genes 
as a block, in addition to the inversion and translocation of trnD from between trnQ and trnM 
to a position between trnS2 and the putative control region, as well as new placements for trnL 
and trnV also evident in pattern Ax1. All gene order novelties relative to the pancrustacean 
ground pattern are consistent with the relationships depicted by the molecular phylogeny, and 
in several cases define taxonomic groups at different levels. In Caridea, pattern Pa is common 
to the three Palaemon species and pattern Ap1 defines the two Alpheus species. Similarly, 
within Gebiidea, while Thalassina kelanang (family Thalassinidae) has the ground 
pancrustacean pattern, the other four species are all members of the family Upogebiidae and 
are united by novel rearrangements involving several tRNA translocations (pattern Up, Figure 
3.2B). Pattern Ax1, involving the rearrangements of COIII and several tRNAs, is shared among 
species of Axiidea. The elements of pattern Ax2 that differ from pattern Ax1 support the node 
joining Callianassa and Trypaea. 
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3.3.5 Evidence of significant codon usage bias in mitochondrial genomes at the 
infraorder level 
Figure 3.3 shows there is strong A+T bias in codon usage across the 33 shrimp mitogenomes. 
RSCU frequencies demonstrate distinct preference for codons with A or T in the third codon 
position compared to other synonymous codons. Counts of codons used and RSCU values can 
be found in Supplementary Data S3.7. Among the 62 available codons, the four most used 
codons in all three infraorders are TTT (Phe), TTA (Leu), ATT (Ile), and ATA (Met), all made 
up of solely A and T nucleotides. Even so, this preference for A+T codons is stronger in 
Axiidea and Gebiidea mitogenomes and less so in Caridea, most obvious for amino acids Asp 
(D), His (H), Asn (N), and Tyr (Y). Statistical comparisons show that, for each amino acid, 
there are significant differences among the three infraorders in the proportions of the codons 
being used (p-values in Figure 3.3). A separate comparison for species with pattern Ax1 and 
Ax2 within the infraorder Axiidea and also with those with the ground pattern (Gr) do not 
reveal any substantial difference in their codon usage bias (Supplementary Data S3.8). 
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Figure 3.3 Relative synonymous codon usage values (RSCU) (y-axis) in protein-coding genes of mud 
shrimps and true shrimps. Encoded amino acid and its corresponding p-value (> or <0.001) is shown at the top 
of each box plot while synonymous codons are indicated on the x-axis. 
 
The MDS plot shows that, for the most part, members of each infraorder cluster together and 
are largely distinct from the samples from the other infraorders (Figure 3.4). A sample of the 
Gebiidea, T. kelanang, is a maverick, being placed well inside the Caridea cluster and remote 
from the other members of its infraorder. It also has a very low AT content for this group, being 
more similar to caridean shrimps. In this context, it is noteworthy that the species is placed as 
the most basal member of the Gebiidea and is also the only member of the infraorder that has 
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the primitive pancrustacean gene order, which it shares with all other of the members of the 




Figure 3.4 Patterns of variation among individuals based on RSCU values shown using multidimensional 





The five new decapod mitogenomes presented in this study considerably expand the number 
of samples of Axiidea and Caridea currently available for mitogenome-based phylogenetics 
and comparative mitogenomic studies. Members of the infraorder Gebiidea were also included 
in this analysis due to its taxonomic history of having been placed with Axiidea in the 
infraorder Thalassinidea, prior to obtaining recent recognition as its own separate infraorder 
(Ahyong and O’Meally, 2004, Robles et al., 2009b, Timm and Bracken-Grissom, 2015, 
Crandall et al., 2000). The mitogenomic features of these taxa are generally consistent with 
those for the Decapoda and for the three infraorders (Kim et al., 2013, Miller et al., 2005, Lin 
et al., 2012) (Supplementary Data S3.1). In addition, the high AT content (58.9–73.6%) 
observed in all of the mitogenomes utilised in this study is typical for the Crustacea and the 
Arthropoda (Cook et al., 2005, Shen et al., 2015, Cameron, 2014, Lin et al., 2012). 
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It has been suggested that evolutionary rate and the frequency of rearrangements are 
independent (Gissi et al., 2008) and this is consistent with results depicted in Figure 3.2, which 
indicate no obvious correlations between the size and distribution of rearrangements and 
branch lengths (substitution rate) within and between groups. Despite this general observation, 
some studies have noted an association between higher substitution rates and the occurrence of 
mitogenome rearrangements involving a transfer of genes between strands (e.g., (Stokkan et 
al., 2016). Although it is expected that codon usage varies between major groups of organisms 
and among animal phyla (Castellana et al., 2011, Prat et al., 2009, Gissi et al., 2008), finding 
substantial codon usage differences at the infraorder level is somewhat unusual. It is becoming 
more apparent now that there are divergent patterns in AT content among orders in insects and 
among the major taxonomic groups in the Malacostraca (see Table 1 in Sun et al. (2009) and 
Shen et al. (2015)). Studies examining patterns of codon usage in mitogenomes have failed to 
observe differences at finer taxonomic scales within insects and crustaceans (Cook et al., 2005, 
Shen et al., 2015, Sun et al., 2009). 
 
Elevated mutational pressure is thought to be a major driver of non-random mitochondrial 
synonymous variation. However, selection of optimal codons for translational efficiency and 
genetic drift is also thought to play a role (Castellana et al., 2011, Jia and Higgs, 2008, Prat et 
al., 2009). It is tempting to speculate that the distinctive pattern of codon usage in the Axiidea, 
and the frequency and extent of mitogenome gene order rearrangements may be correlated with 
the acquisition of specialised adaptations by members of this infraorder to largely burrowing 
lifestyles (Sakai, 2011, Lin et al., 2012) compared to the members of the Caridea, which are 
mostly free living (Bracken et al., 2009a). The phylogenetic analyses using whole 
mitogenomes support the monophyly of each of the three infraorders, Axiidea, Gebiidea, and 
Caridea, with inclusion of more comprehensive taxon sampling than previous studies (Shen et 
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al., 2013, Shen et al., 2015, Tan et al., 2015, Lin et al., 2012). Further, the members of Axiidea 
have a common gene rearrangement that is a potential synapomorphy of the infraorder, and 
therefore also supports the monophyly of this group. A notable exception to these results is the 
analysis of (Shen et al., 2015), which supported a non-monophyletic Gebiidea, by placing T. 
kelanang inside a lineage comprising Acheleta, Polychelida, and Caridea. Other studies using 
a combination of mitochondrial and nuclear gene fragments (Robles et al., 2009b, Bracken et 
al., 2009a) also support the monophyly of these groups, but their relationships with each other 
and other decapod infraorders have yet to be resolved (Tan et al., 2015). A caveat of our 
findings and those of other studies is that monophyly cannot be fully tested without 
comprehensive taxonomic and gene sampling and the inclusion of species from all decapod 
infraorders (Timm and Bracken-Grissom, 2015). 
 
The contribution of mitogenomic data for more species will be particularly important for 
exploring and testing evolutionary relationships within Axiidea, given its lack of broad 
taxonomic representation on the current evolutionary tree. Two of the mitogenomes 
contributed in this study (C. ceramica, T. australiensis) belong to the family Callianassidae, a 
diverse group of axiidean shrimps adapted to digging in soft marine sediments. Over 100 
species placed in 22 genera and divided between several subfamilies are recognised from this 
family (Sakai, 2011). However, relationships among the major groups and the definition of 
subfamily and generic level boundaries are contentious within the Callianassidae (Poore et al., 
2014, Sakai, 2011). It is noteworthy that for the Axiidea, the tree-based relationships and the 
mitogenome rearrangements are entirely consistent with the infraorder, family, subfamily and 
genus level relationships for the samples included (Figure 3.2), and that the phylogenetic tree 
and the Ax1 rearrangement pattern further supports the monophyly of the Axiidea. 
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The potential for mitochondrial rearrangement to act as “super” characters for phylogenetic 
estimation for the arthropod has been recognised by a number of authors (Dowton and Austin, 
1999, Dowton et al., 2002, Boore et al., 1998). This study further supports this position but 
also notes that the distribution of rearrangements is uneven across the tree generated in this 
study and the larger analysis by Tan et al. (2015). Thus, while novel gene order attributes act 
as useful phylogenetic characters for the Axiidea and Gebiidea, their usefulness appear to be 
limited for the Caridea, even though the age of the lineages overlap. Similarly, for other major 
crustaceans groups, lobsters (Astacidea and Achelata), crabs (Brachyura), and penaeid shrimps 
(Dendrobranchiata), rearrangements are largely absent or minor (Shen et al., 2015, Tan et al., 
2015), but freshwater crayfish (Astacidea) and anomuran crabs (Anomura) are phylogenetic 
“hotspots” for mitogenome gene order evolution in both the number and scale of 
rearrangements. As pointed out by Mao et al. (2014), far greater sampling is required to 
adequately test the phylogenetic utility of observed mitogenome gene rearrangements and 
identification of suitable models for investigating the evolutionary and molecular drivers that 
shape the organisation and architecture of animal mitogenomes. 
 
In this regard, rapid and efficient methods for mitogenome sequencing using next-generation 
sequencing (NGS) platforms will accelerate this task (Timmermans et al., 2016, Gan et al., 
2014). Unlike more classical methods utilising long-range polymerase chain reaction (PCR) to 
amplify the mitogenome into a smaller number of fragments with universal primers, followed 
by Sanger sequencing (Miller et al., 2004, Shen et al., 2013, Lin et al., 2012), the primer-free 
and shotgun nature of NGS will likely increase the discovery of mitogenome rearrangements 
as it makes no assumptions about the pre-existing gene order of the species under study. In 
fact, the availability of a reference whole mitogenome will improve primer design and 
consequently the success rate of complete mitogenome recovery from members of the same 
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genus (or family) using long range PCR. It is envisaged with the advent of third generation 
sequencing technology such as PacBio (Rhoads and Au, 2015) and Nanopore (Branton et al., 
2008) sequencing, problematic and repetitive regions commonly associated with the putative 
control region can be readily resolved and confirmed. 
 
Lastly, while preparing the dataset for analysis, we identified several misannotated 
mitogenomes on NCBI (Table 3.3) although these misannotations were absent in their related 
publications i.e., the correct gene coordinates and orientations were reported by the authors in 
their respective publications. We postulate that these discrepancies may have arisen due to 
errors during the submission of these mitogenomes to public databases. It is also possible, 
though less likely, that the mitogenomes may have been erroneously edited when they were 
reviewed by NCBI staff. Hence, this highlights that although there is tremendous gain from 
having a growing number of mitogenome submissions to public databases as molecular 
resources, the accuracy of annotations should not be assumed and it is prudent to re-evaluate 
species with any form of gene order rearrangements or related anomalies before inclusion in 
datasets for comparative analyses. 
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Chapter 4: ORDER within the chaos 
Insights into phylogenetic relationships within the Anomura (Crustacea: 
Decapoda) from mitochondrial sequences and gene order rearrangements 
Published on 23rd May 2018 in Molecular Phylogenetics and Evolution (MPE) 
 
4.1 Introduction 
The crustacean decapod infraorder Anomura (meaning “varied tailed”), formerly referred to as 
the Anomala (meaning “irregular”), lives up to its name and has challenged many taxonomists 
and phylogeneticists who have struggled to resolve the evolutionary relationships among the 
extraordinary diversity of species. While the anomurans are highly heterogeneous 
morphologically, they do appear to form a distinct monophyletic lineage that is consistently 
placed as the sister group to the true crabs, the Brachyura (Ahyong and O’Meally, 2004, 
Scholtz and Richter, 1995, Shen et al., 2013, Tan et al., 2015, Dixon et al., 2003). Confusingly, 
a number of anomuran groups are also referred to as “crabs” due to their resemblance to 
brachyurans, but it is now well established that a crab-like body form has independently 
evolved several times, in a process referred to as carcinisation (Cunningham et al., 1992). 
 
Anomura consists of approximately 2450 extant species (De Grave et al., 2009) with a broad 
range of ecological specialisations and with various lineages having successfully adapted to 
freshwater, terrestrial and diverse marine environments, including the abyssal depths such as 
deep-sea hydrothermal vents. With an extraordinary array of body forms, functions and sizes, 
this group includes the asymmetrical and symmetrical hermit crabs, squat lobsters with 
elongated folded pleons (e.g. aeglids, yeti crabs) and crab-like species (e.g. king crabs, 
porcelain crabs, hairy stone crabs) including the largest terrestrial invertebrate, the infamous 
robber or coconut crab. Crab-like morphologies (Cunningham et al., 1992) within this group 
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have been well studied, and it is hypothesised to have evolved from multiple independent 
carcinisation events, i.e. the tendency of a non-crab ancestor to morph into the crab-like form 
of generally broadened, fully-calcified carapace and reduced pleon fully tucked under the body 
(Bracken-Grissom et al., 2013, Keiler et al., 2015, Keiler et al., 2017, Tsang et al., 2011, 
Ahyong et al., 2009, Morrison et al., 2002, Noever and Glenner, 2018). The tendency for 
anomuran lineages to undergo this form of parallel evolution, unrelated to the exploitation of 
specific habitats or lifestyles, has made it difficult to establish robust hypotheses of 
phylogenetic relationships among them based on morphological characters alone. Thus, while 
morphological inferences may have been confused by the problems of correctly interpreting 
plesiomorphies and traits influenced by parallel and convergent evolution, alternative 
perspectives on anomuran relationships are emerging from molecular information (Bracken-
Grissom et al., 2013, Hamasaki et al., 2017, Pérez-Losada et al., 2002, Tsang et al., 2011, 
Ahyong et al., 2009, Morrison et al., 2002). 
 
Molecular studies have reshaped our understanding of evolutionary relationships within 
Anomura, leading to the reclassifications of major taxonomic groups over the past decade 
(Ahyong et al., 2010, McLaughlin et al., 2007, Schnabel and Ahyong, 2010, Schnabel et al., 
2011). Previously considered to consist of only three major lineages Hippoidea, Paguroidea 
and Galatheoidea (Ahyong et al., 2009), this infraorder has since been reclassified into 7 
superfamilies, which includes the elevation of Aeglidae and Lithodidae to superfamily status 
(the Aegloidea and Lithodoidea) (McLaughlin et al., 2007), the restriction of the superfamily 
Galatheoidea to include just the families Galatheidae and Porcellanidae (Ahyong et al., 2010, 
Schnabel et al., 2011), and the transfer of the Chirostylidae and the Kiwaidae to a new 
superfamily, the Chirostyloidea (Schnabel and Ahyong, 2010, Schnabel et al., 2011). While 
the monophyly of Anomura is now well accepted (Ahyong and O’Meally, 2004, Porter et al., 
Chapter 4: ORDER within the chaos | 79 
2005, Scholtz and Richter, 1995, Shen et al., 2013, Tan et al., 2015, Tsang et al., 2011, Schram 
and Dixon, 2004, Toon et al., 2009), many of the inter-relationships within and among the 
major anomuran lineages are still largely unresolved (Ahyong et al., 2010, Bracken-Grissom 
et al., 2013, Lemaitre and McLaughlin, 2009, McLaughlin et al., 2007, Schnabel and Ahyong, 
2010, Tsang et al., 2011). 
 
Given the level of interest in anomuran evolution and classification, it is surprising that only 
ten complete anomuran mitogenomes are currently available on the NCBI database, making it 
one of the most poorly represented of the major crustacean groups for these resources (Tan et 
al., 2018b). At the time of their study, Tan et al. (2018b) showed that only 0.4% of the diversity 
of this taxon have mitogenome representation on the NCBI RefSeq database (in contrast with 
other groups with much better representation, e.g. 6.9% for Astacidea and 7.9% for Achelata). 
The mitogenome has been demonstrated to effectively resolve relationships in studies on 
various animal groups (Kayal et al., 2015, Yuan et al., 2016), not only for phylogenetic 
reconstruction but also on the basis of novel gene orders, which provide an additional source 
of phylogenetic information (Basso et al., 2017, Morrison et al., 2002, Weigert et al., 2016). 
As a group that lacks genomic resources due to large reported genome sizes ranging from 1 
Gbp to 40 Gbp (http://www.genomesize.com), decapod crustaceans benefit from the relative 
ease of recovering the mitogenome (as opposed to nuclear genes), further adding to the 
usefulness of the mitogenome as a source of molecular and phylogenetic information. 
 
Previous methods for obtaining complete mitogenome sequences have primarily relied on PCR 
and Sanger sequencing techniques, while new genome skimming methods utilising high-
throughput short-read sequencing (Gan et al., 2014, Grandjean et al., 2017) allow rapid and 
cost-effective acquisition of complete mitogenome sequences. In addition, these new methods 
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allow recovery of mitogenome sequences from older museum specimens that have previously 
been considered problematic due to DNA degradation (Besnard et al., 2016, Tan et al., 2018b, 
Grandjean et al., 2017). Not only can the complete mitogenome of a species be efficiently 
recovered using these methods, additional information on mitochondrial gene rearrangement 
patterns is also made available in the process, which can be highly informative for resolving 
deeper phylogenetic relationships (Dowton and Austin, 1999, Dowton et al., 2002, Boore et 
al., 1998), and sometimes even at more shallow taxonomic levels (Gan et al., 2018, Tan et al., 
2017). Relative to Brachyura, for which the majority of the studied species contain a conserved 
mitochondrial gene order with a few exceptions (Basso et al., 2017), the Anomura appears to 
be a “hot spot” for gene rearrangements, with different gene orders being reported for almost 
every published mitogenome (Gan et al., 2016f, Lee et al., 2016, Zhang et al., 2017). Diversity 
in gene order patterns provides a rich source of molecular markers, with limited homoplasy, 
that have the potential to act as synapomorphies for specific lineages and taxonomic groups, 
and thus providing support for existing or new hypotheses for phylogenetic relationships 
(Hickerson and Cunningham, 2000, Morrison et al., 2002, Tan et al., 2017). 
 
In this study, we recover and report the mitogenome sequences for 12 anomuran and 8 
brachyuran species using whole genome skimming methods. We then generated a dataset 
consisting of amino acid characters of 13 protein-coding gene sequences from all complete 
mitogenome sequences currently available for the Anomura and Brachyura, and assessed the 
evolutionary relationships within and between these diverse decapod groups via Bayesian and 
Maximum-likelihood phylogenetic reconstruction methods. Additionally, we introduce a new 
feature to our MitoPhAST pipeline (Tan et al., 2015) that enables the comparison of 
mitogenome gene orders (MGOs) from GenBank files (Benson et al., 2018). Using this 
pipeline, in combination with other existing bioinformatics tools, we compare MGOs across 
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taxonomic groups and confirm that MGOs are highly variable within the Anomura, and also 
for some groups of the Brachyura. We further demonstrated the utility of MGO patterns in 
reinforcing tree-supported relationships, or resolving evolutionary relationships where tree-
based relationships are weak. In the latter context, we hypothesise that the lomisoids and 
chirostyloids share a common ancestor to the exclusion of the aegloids on the basis of a shared 
MGO arrangement that is present in lomisoids and chirostyloids but not in the aegloids. 
 
4.2 Material and Methods 
4.2.1 Sampling, sequencing, mitogenome assemblies and annotation 
Tissue samples from a total of 20 species (12 anomuran, 8 brachyuran) were acquired from 
various geographic locations as well as from museums, including National Museum Victoria 
(NMV) and the Museum and Art Gallery of the Northern Territory (MAGNT) (Table 4.1). 
Total genomic DNA was extracted from the tissue samples (Sokolov, 2000) and subsequently 
sequenced at low coverage on the Illumina MiSeq platform as previously described (Gan et al., 
2014). Sequence reads were pre-processed with Trimmomatic v0.32 (Bolger et al., 2014) to 
remove adapters and low-quality regions (slidingwindow:4:15, leading:3, trailing:3). For most 
samples, mitogenomes were assembled using IDBA-UD v1.1.1 (Peng et al., 2012) and when 
unsuccessful, MITObim v1.8 (Hahn et al., 2013) was used to perform baited mitogenome 
assemblies with publicly-available gene sequences, e.g. cox1 or 16S rRNA. Preliminary 
prediction and annotation of protein-coding genes (PCG), ribosomal RNAs (rRNA) and 
transfer RNAs (tRNA) genes were then carried out on the MITOS webserver (Bernt et al., 
2013b), followed by manual curation of the open-reading frame (ORF) boundaries based on 
blastp evidence (Altschul et al., 1990). The curated entries were subsequently submitted to 
NCBI’s GenBank database for accession numbers (Table 4.1). 
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Table 4.1 Mitogenomes of 12 anomuran and 8 brachyuran species presented in this study. 





Aegloidea Aeglidae Aegla longirostri sensu lato Creek tributary of Vacacai-
Mirim River, Santa Maria, 
RS, Brazil 
N/A MF457407.1 






Chirostyloidea Chirostylidae Gastroptychus rogeri Southern Ocean, Tasmania, 




Galatheoidea Munididae Munida isos Southern Ocean, Tasmania, 









Lomisoidea Lomisidae Lomis hirta East side of Bushrangers 




Paguroidea Coenobitidae Coenobita brevimanus Terrace rainforest adjacent to 
Ethel Beach, Christmas 
Island, Australia 
N/A KY352233.1 
Paguroidea Coenobitidae Coenobita perlatus West White Beach, 
Christmas Island, Australia 
N/A KY352234.1 
Paguroidea Coenobitidae Coenobita rugosus Lilly Beach, Christmas 
Island, Australia 
N/A KY352235.1 
Paguroidea Coenobitidae Coenobita variabilis Mindil Beach, Darwin, 
Australia 
N/A KY352236.1 
Paguroidea Coenobitidae Birgus latro Christmas Island, Indian 
Ocean, Australia 
N/A KY352241.1 






Eriphioidea Oziidae Epixanthus frontalis Nightcliff foreshore, Darwin, 
Northern Territory, Australia 
N/A MF457404.1 
Grapsoidea Gecarcinidae Cardisoma carnifex Lamu Island, Kenya N/A MF461623.1 
Grapsoidea Grapsidae Pachygrapsus marmoratus Valencia, Spain N/A MF457403.1 
Ocypodoidea Macrophthalmidae Macrophthalmus darwinensis Casuarina Beach, Darwin, 
Northern Territory, Australia 
N/A MF457408.1 
Ocypodoidea Ocypodidae Cranuca inversa Lamu Island, Kenya N/A MF457405.1 
Ocypodoidea Ocypodidae Tubuca polita Under Channel Island 
Bridge, Darwin, Australia 
N/A MF457400.1 
Ocypodoidea Ocypodidae Tubuca capricornis Under Channel Island 
Bridge, Darwin, Australia 
N/A MF457401.1 
Pilumnoidea Pilumnidae Pilumnus vespertilio East Point, Darwin, Australia N/A MF457402.1 
 
4.2.2 Maximum-likelihood (ML) and Bayesian inference (BI) phylogenetic analyses 
The 20 mitogenomes contributed in this study were added to the current mitogenome datasets 
representing 10 anomuran and 57 brachyuran species publicly available on GenBank. Three 
species from Dendrobranchiata, a suborder that shares a sister relationship to Pleocyemata that 
contains all other decapod infraorders, were selected as outgroup for rooted phylogenies. In 
addition, the mitogenomes of 19 species representing various other decapod infraorders were 
also included by sampling three species per infraorder, if available, to investigate the 
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monophyly of the two analysed groups (Anomura, Brachyura) and also to gain insights into 
broader evolutionary relationships (Supplementary Data S4.1). The GenBank files for these 
109 mitogenomes were processed through the MitoPhAST v2.0 pipeline (Tan et al., 2015) that 
automates protein sequence extraction (from GenBank files), alignment, trimming, 
concatenation of sequences and alignment partitioning by gene, followed by the construction 
of a maximum likelihood tree. The newest version (v2.0) of the pipeline implements IQ-TREE 
v1.5.5 (Nguyen et al., 2015) instead of RAxML (Stamatakis, 2014) as the default tree-building 
software, to perform partition-selection, model testing and construction of a maximum 
likelihood (ML) tree with 1000 ultrafast bootstrap replicates (UFBoot) and 1000 SH-aLRT 
replicates (SH), resulting in substantially improved run times. The concatenated alignment was 
also used for Bayesian inference (BI) with PhyloBayes MPI v1.7 (Lartillot et al., 2013), which 
ran four independent chains (-cat -gtr) for 30,000 iterations per chain. With 10% of initial 
samples discarded as burn-in, convergence of continuous parameters of the model was checked 
with the tracecomp utility (acceptable, maxdiff < 0.3 and min effective size > 50) and 
convergence in tree space was assessed with the bpcomp utility (good run, maxdiff < 0.1). 
 
4.2.3 Gene order clustering: MitoPhAST version 2 
Since different annotation methods may yield variable results, in addition to possible errors 
introduced during the sequence submission process, mitogenomes downloaded from GenBank 
were re-annotated with MITOS (Bernt et al., 2013b) as described above in order to ensure 
consistency and comparability of annotations across all anomuran and brachyuran species used 
in this study. Where discrepancies were observed, manual corrections were made to the 
annotations and these corrected GenBank files are made available as Supplementary Data S4.2. 
MGO comparison is introduced in the newest version of MitoPhAST v2.0 (Tan et al., 2015) 
(https://github.com/mht85/MitoPhAST), which now has the optional function to extract linear 
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mitochondrial gene orders (MGOs) information for each species, re-orient them to a user-
specified gene (e.g. -O COX1), and finally cluster identical MGOs into groups. This new 
feature also visualises linear MGOs with the output in PDF format and can also report detailed 
results in text and FASTA formats, making it suitable as input to tools such as CREx (Bernt et 
al., 2007) or TreeREx (Bernt et al., 2008). This module excludes the putative control region 
since the reporting of this feature is inconsistent and/or lacks supporting evidence in many 
public GenBank files. For a dataset of 109 mitogenomes, the pipeline produced MGO 
clustering results and a ML tree in 70 CPU hours (Ubuntu Linux OS v. 16.04, 32 threads, 96 
Gb RAM), a reduction in run time compared to MitoPhAST v1.0 that uses RAxML and 
processes 95 mitogenomes in 227.5 CPU hours (Ubuntu Linux OS v. 12.04, 32 threads, 128 
Gb RAM). Example of output files from this module are available as Supplementary Data S4.3. 
 
4.2.4 Inference of gene rearrangement events and pathways 
Linear MGOs produced by the pipeline for anomuran species (in FASTA format) were 
modified to adjust for duplicated and missing genes prior to further downstream analyses. This 
was necessary since tools such as TreeREx v1.85 (Bernt et al., 2008) and CREx (Bernt et al., 
2007) require that the analysed gene orders consist of the same set of genes in every species 
and so, in this study, genes that were missing from at least one gene order were excluded from 
the analysis (trnS1, trnW, trnC, trnY missing in Shinkaia crosnieri) whereas only one copy is 
retained for genes duplicated in a gene order (trnL for Munida isos, trnA for Lithodes 
nintokuae). The putative control region (CR) information was also excluded from the analysis 
as these were absent in some annotations. The resulting MGOs were compared with TreeREx 
v1.85 (Bernt et al., 2008) (-s -w -W) to assign gene rearrangement events at inner edges within 
the anomuran phylogenetic context provided by the BI tree topology in Newick format (without 
branch length or nodal support information), while also printing reconstructed putative 
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ancestral states. Nodes were coloured green (consistent), yellow (1-consistent) and red 
(fallback) reflecting the increasing level of uncertainty for each reconstruction of ancestral 
MGO, the functions in TreeREx detailed in Babbucci et al. (2014). The same analysis was 
repeated with the anomuran topology from the ML tree. 
 
Because a large number of genes were excluded from the TreeREx analysis, the reconstructed 
putative ancestral states were used as a guide for CREx (Bernt et al., 2007) analysis to 
determine possible gene rearrangement scenarios which can include transpositions (T), 
reversals (r), reverse transpositions (rT), duplications (dup), deletions (del) and tandem 
duplication-random loss (tdrl) events between selected pairwise gene orders. This enabled the 
inclusion of more genes previously excluded in the TreeREx analysis, so long as a gene is 
present in the two members of the pairwise comparison. 
 
4.3 Results 
4.3.1 An expanded and updated Meiura phylogeny based on whole mitogenome 
Mitogenomes of 12 anomuran species (genera: Aegla, Birgus, Coenobita, Gastroptychus, 
Lomis, Munida, Pylocheles, Stemonopa) and 8 brachyuran species (genera: Cardisoma, 
Cranuca, Epixanthus, Macrophthalmus, Pachygrapsus, Pilumnus, Tubuca) were successfully 
recovered. Of these, the mitogenomes of Aegla longirostri sensu lato, Pylocheles mortensenii 
and Macrophthalmus darwinensis were partially recovered with gaps in the 12S rRNA gene in 
the former and putative control regions in the latter two species. The complete mitogenomes 
were between 15 k and 17 kbp in length and most contain the typical 13 PCGs, 2 rRNAs and 
22 tRNAs. An exception is Munida isos, which contains an additional trnL1 gene. Accession 
numbers for each new mitogenome is listed in Table 4.1 while summaries and detailed 
information on mitogenome composition are available as Supplementary Data S4.4. 
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Figure 4.1 Phylogenetic relationship of species within infraorders Anomura and Brachyura. The shown 
topology was inferred from Bayesian analysis based on the amino acid dataset of 13 PCGs (initially partitioned 
by gene, followed by a ‘best’ partition scheme determined by IQ-TREE) from 22 anomurans, 65 brachyurans and 
22 other outgroup species, rooted with members of Dendrobranchiata. New mitogenomes contributed by this 
study are marked with red stars whereas superfamily groups are colour-coded on the right. Nodal support is 
indicated at each node in the following order: Bayesian posterior probability (BPP) / SH-aLRT (SH) / Ultrafast 
bootstrap (UFBoot). Closed circles indicate maximum support (BPP = 1.00, SH = 100%, UFBoot = 100%) while 
open circles indicate good support (BPP ≥ 0.95, SH ≥ 80%, UFBoot ≥ 95%). Square brackets “[ ]” show where 
topologies of BI and ML trees are conflicting at specific nodes. Different MGO patterns listed as Pattern 1 to 13 
(circles) within Brachyura and Pattern 1 to 13 (squares) within Anomura. 
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Mitogenome-based multiple sequence alignments, IQ-TREE ‘best’ partitioning scheme (Nexus 
format) and phylogenetic trees are provided in Supplementary Data S4.5. Rooted with 
Dendrobranchiata, the Bayesian-inferred phylogenetic tree in Figure 4.1 was constructed based 
on 3596 amino acid characters (bpcomp: maxdiff 0.08, meandiff 0.003) and depicts the 
relationships among species in both Anomura and Brachyura. With the inclusion of species 
from various other decapod infraorders in the analyses, our phylogenetic reconstructions 
support the monophyly of the Anomura and Brachyura and their sister relationship. The 
relationships within the Anomura and Brachyura clades are largely resolved, except for some 
of the deeper lineages. Several noteworthy relationships emerge from these analyses. The 
Anomuran superfamily Paguroidea appears as polyphyletic, with a major clade consisting of 
one Diogenidae (Clibanarius) and five Coenobitidae species (four Coenobita and one Birgus 
latro contributed in this study) shown as the most basal lineage in both ML and BI phylogenetic 
trees with strong nodal support. The two remaining paguroids form quite separate lineages with 
Pagurus longicarpus sharing a sister relationship with Lithodoidea species and Pylocheles 
mortensenii being placed at the base of a large clade consisting of Lithodoidea, Aegloidea, 
Lomisoidea, Chirostyloidea and Pagurus. It is worth noting that the latter observation is not 
supported by the ML tree, which instead shows Pylocheles as sister taxon to Galatheoidea 
species (Supplementary Data S4.5, also cladogram in Figure 4.2B). 
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Figure 2 Overview of anomuran mitochondrial gene orders (MGOs) and gene rearrangement scenarios 
leading to a putative ancestral Anomuran gene order. A. Bayesian-inferred tree (cladogram) of species within 
Anomura with different MGO patterns listed as Pattern 1 to 13. New mitogenomes contributed by this study are 
marked with red stars. Body forms are labelled as follows: [CL]-crab-like, [SQ]-squat lobster, [aHC]-
asymmetrical hermit crab, [sHC]-symmetrical hermit crab, accompanied with pictures of different body forms for 
each crab-like evolution available on the right (note: photos may not represent exact species present in the tree). 
Gene rearrangement events and transitional MGOs (A1 to A9) leading to observed anomuran MGOs are indicated 
on branches, while nodes coloured in green, yellow and red reflect the level of uncertainty for the reconstruction 
of each MGO (red exhibiting highest level of uncertainty, see Babbucci et al. (2014) for details). Gene 
rearrangement events include transposition (T), reversal (r), reverse transposition (rT), deletion (del), duplication 
(dup) and tandem duplication-random loss (tdrl). Red lines indicate branches/nodes with weak support. Photo of 
Aegla by Sandro Santos (Universidade Federal de Santa Maria), Munida by Olga Zimina (Arctic Megabenthos) 
and all other photos by Tin-Yam Chan (National Taiwan Ocean University). B. Similar analysis as [A] but based 
on Maximum-likelihood tree for phylogenetic context. Grey vertical bars point out clades that have conflicting 
positions in the ML tree compared to the BI tree. Details on MGO rearrangements based on the ML tree are 
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Outside of Paguroidea, species in six other anomuran superfamilies form monophyletic clades 
(Hippoidea, Lithodoidea, Lomisoidea, Aegloidea, Chirostyloidea, Galatheoidea). The single 
Stemonopa insignis species is placed basal to all other anomurans (except for the Diogenidae 
+ Coenobitidae paguroid clade), but with low nodal support (BPP = 0.98, SH = 59%, UFBoot 
= 66%). The two Gastroptychus species form a monophyletic clade with Kiwa tyleri, together 
making up the superfamily Chirostyloidea. The Aegla and Lomis species are unresolved in 
terms of their relationships with one another, but in general are placed at the base of the 
Chirostyloidea clade with high support (BPP ≥ 0.95, SH ≥ 80%, UFBoot ≥ 95%). Further, 
Munida isos clusters with the other publicly-available mitogenome of Munida gregaria, and 
this clade is nested within the Galatheoidea superfamily. In general, the placements of multiple 
single anomuran lineages (Stemonopa, Aegla, Lomis) in the tree are poorly supported with 
conflicting placements in ML and BI trees, possibly also affecting the position of other 
anomuran clades at a higher taxonomic level. 
 
For the brachyuran species newly-presented in this tree, both Pachygrapsus marmoratus and 
Macrophthalmus darwinensis form clades with species from the same genus, while Cranuca 
and Tubuca species form a clade with Ocypode species, all from the family Ocypodidae. 
Similar to the case for anomurans, the relationships of Cardisoma, Epixanthus and Pilumnus, 
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4.3.2 Non-random distribution of mitochondrial gene order and its value as lineage-
specific synapomorphy 
Details of mitochondrial gene orders (MGO) for all analysed samples are available in 
Supplementary Data S4.3. We observed 13 different gene order patterns for 22 anomuran 
species, including five new MGOs previously undescribed (Patterns 1, 4, 7, 11, 12) for the 
infraorder Anomura (Figure 4.1). For some anomuran species, MGO patterns are shared at the 
family level (e.g. Coenobitidae, Porcellanidae, Chirostylidae) whereas for others, MGO 
patterns can differ among species within the same family or even genus (e.g. Lithodidae, 
Munida). Transitional MGOs, prefixed with A- are indicated in Figure 4.2A show possible 
ancestral MGO of each observed anomuran MGO based on BI topology, with nodes coloured 
in green, yellow and red to reflect the increasing level of uncertainty for the reconstruction of 
each MGO. The assignment of these levels are detailed in Babbucci et al. (2014). Analysis 
based on ML topology (Figure 4.2B) shows some variation in transitional MGOs due to 
differences in higher-level topology compared to the BI tree, but ultimately predicts similar 
MGO rearrangement events at the shallow edges of the tree. 
 
For each transitional MGO, Figure 4.3 illustrates series of one or more gene rearrangement 
scenarios inferred by CREx that may have led to the various MGOs based on the current 
anomuran dataset and the BI topology. While most paths show scenarios involving only a few 
genes usually tRNAs and/or rRNAs, others show many more major rearrangements such as the 
tandem duplication-random loss event (tdrl) and four deleted genes in Shinkaia crosnieri 
(Figure 4.3, Pattern 5). Further, species within the same genus typically share identical gene 
orders except for Munida species, where the gene order for M. isos has undergone tdrl and 
duplication events in addition to the transposition of four genes (Figure 4.3, A4 → Pattern 4), 
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relative to its sister species M. gregaria. The same gene rearrangement analysis was repeated 
based on ML topology with results illustrated in Supplementary Data S4.6. 
 
 
Figure 4.3 Various gene rearrangement scenarios of all current Anomuran mitogenomes. Gene 
rearrangement events include transposition (T), reversal (r), reverse transposition (rT), deletion (del), duplication 
(dup) and tandem duplication-random loss (tdrl). Mitochondrial gene orders (MGOs) labelled with A- prefixes 
are transitional MGOs (refer to Figure 4.2A) and can also be identical to observed MGOs in some anomuran 
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Because TreeREx does not accept indistinguishable branch orders in its input, the position of 
Aegla and Lomis in the BI analysis had to be ‘forced’ (Figure 4.2A), with Aegla chosen as basal 
to the rest of the members in the group following the ML tree. This topology predicted a single 
transposition event of trnI from the last common ancestral MGO (A8 in Figure 4.2A) resulting 
in the Aegla MGO (Pattern 11), followed by a reversal of genes rrnL, trnV and rrnS observed 
in MGOs of the other members in the group. To investigate the alternative, a separate analysis 
with a basal Lomis shows a less parsimonious pathway with a first reversal event of the three 
genes and a second reversal of the same genes back to their original order in Aegla 
(Supplementary Data S4.7). 
 
On the contrary, gene order rearrangement appears to be less prevalent among currently-
sequenced brachyuran mitogenomes with 13 different MGO patterns for 65 brachyuran species 
(Figure 4.4). Of the eight species presented in this study for this infraorder, Pilumnus 
vespertilio has new a MGO labelled in Figure 4.4 as Pattern 12. MGO for P. vespertilio has a 
significant rearrangement consisting of a reverse-transposed trnL and transposed ND1 
compared to the brachyuran ground pattern (Pattern 1). While MGOs other than the brachyuran 
ground pattern are observed sporadically throughout the tree, the superfamilies Potamoidea 
and Gecarcinucoidea appear to form an isolated brachyuran group with highly-variable and 
unique MGOs (Patterns 5 to 9), with unique gene orders observed for each of the five species 
sequenced from these groups (Potamiscus motuoensis, Sinopotamon xiushuiense, 
Huananpotamon lichuanense, Geothelphusa dehaani, Somanniathelphusa boyangensis). 
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Figure 4.4 Overview of brachyuran mitochondrial gene orders (MGOs). Cladogram of species within 
Brachyura with different MGO patterns listed as Pattern 1 to 13. New mitogenomes contributed by this study are 
marked with red stars. From this study, Pilumnus vespertilio displays a new MGO for this infraorder. The grey 
box highlights the superfamilies Potamoidea and Gecarcinucoidea, brachyuran groups with highly variable MGOs 
in which each species exhibits its own unique MGO pattern. 
 
 
4.3.3 A putative ancestral anomuran mitochondrial gene order pattern 
It is important to note that the predicted ancestral gene order pattern is based on the current 
dataset of relatively limited taxonomic sampling and therefore only a partially resolved tree 
(caveats elaborated in Discussion). As a consequence, the prediction of an ancestral anomuran 
gene order pattern should be interpreted with caution and may change as more resources 
become available over time. For our dataset and based on both BI and ML topologies, TreeREx 
analyses infer a putative ancestral anomuran MGO illustrated in Figure 4.3 (PanC → A1). This 
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putative ancestral MGO is very similar to that of Pattern 2 observed for the single Stemonopa 
(Hippoidea) mitogenome in this study, just shy of a transposition event of the trnM gene 
(Figure 4.3, A1 → A2). Based on comparisons by CREx, the transition from the pancrustacean 
(crustacea + hexapods, PanC) ground pattern to the ancestral anomuran MGO (A1) in Figure 
4.3 involves a transposition of trnP from the position between trnT and ND6 to a location 
between trnS and ND1, a reversal of trnL, followed by two tdrl events resulting in position 
shifts of a large number of PCG, rRNA and tRNA genes. Nevertheless, it is noteworthy that 




This study increases the number of available complete mitogenomes for Anomura by 120% 
from 10 to 22, contributing the first mitogenome-based resources for the families Coenobitidae, 
Albuneidae, Pylochelidae, Aeglidae, Lomisidae and Chirostylidae. We also generate sequences 
for multiple brachyuran lineages, including some that are under-represented or that have not 
previously been subject to mitogenome-based phylogenetic analysis (Cardisoma, Cranuca, 
Tubuca, Epixanthus, Pilumnus), resulting in a modest increase of 14% from 57 to 65 
mitogenomes. 
 
Mitogenome-based phylogenetic analyses recovered each of Brachyura and Anomura as 
monophyletic and as sister groups with maximum nodal support, consistent with their historical 
taxonomic recognition as the ‘Meiura’ (Scholtz and Richter, 1995) and also with other previous 
studies (Ahyong and O’Meally, 2004, Scholtz and Richter, 1995, Shen et al., 2013, Tan et al., 
2015, Dixon et al., 2003). In general, the phylogenetic reconstructions show good support in 
resolving relationships within families but show weak nodal support and conflicting topologies 
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for BI and ML trees at higher taxonomic levels (Figure 4.1), possibly driven by incomplete 
taxon sample or saturation of mutations associated with the rapid rate of evolution of 
mitochondrial genes (Timm and Bracken-Grissom, 2015, Chu et al., 2016). The phylogenetic 
analysis of our current anomuran mitogenome dataset places a paguroid clade (Coenobita + 
Birgus + Clibanarius) at the base of this infraorder similar to what was reported by McLaughlin 
et al. (2007) based on morphological characters, though the findings in that study also included 
Pagurus and Pylochelidae in the clade. This is in contrast to most other studies that places the 
Hippoidea in a basal position (Ahyong and O’Meally, 2004, Macpherson et al., 2005, Pérez-
Losada et al., 2002, Porter et al., 2005, Ahyong et al., 2009). In this study, Hippoidea is 
represented by only a single Stemonopa species, hence, its novel placement and also at a non-
basal position should be treated with some level of caution. In a separate preliminary analysis 
with nuclear genes, the position of this Stemonopa lineage is highly unpredictable, generally 
forming clades with multiple different anomurans with low nodal support (nuclear gene 
analysis discussed at the end of this section). Further taxonomic sampling is needed to confirm 
the validity of its phylogenetic placement and rule out the potential influence of factors such 
as long-branch attraction (LBA) (Bergsten, 2005) in the phylogenetic analysis. 
 
Within the Anomura, this study recovers a polyphyletic Paguroidea similar to other studies 
(Ahyong and O’Meally, 2004, McLaughlin et al., 2007, Ahyong et al., 2009, Cunningham et 
al., 1992), with the Diogenidae + Coenobitidae clade dissociated from the other paguroids 
(Pagurus, Pylocheles). Similar to the Stemonopa, the position of single lineage Pylocheles 
within the tree is also generally unstable in all trees based on mitochondrial or nuclear datasets. 
On the other hand, Paguridae (Pagurus) shares a sister relationship with Lithodoidea (i.e. a 
nested Lithodoidea) as has been repeatedly reported (Ahyong and O’Meally, 2004, Bracken-
Grissom et al., 2013, Richter and Scholz, 1994, Tsang et al., 2011, Ahyong et al., 2009, 
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Morrison et al., 2002, Noever and Glenner, 2018, Reimann et al., 2011), lending support to the 
hermit-to-king crab hypothesis (Cunningham et al., 1992). Like many other studies that support 
multiple origins of crab-like form (Bracken-Grissom et al., 2013, Tsang et al., 2011, Ahyong 
et al., 2009, Morrison et al., 2002), our study identifies five independent carcinisation events 
within the Anomura consisting of Birgus (Coenobitidae), Stemonopa (Albuneidae), 
Petrolisthes and Neopetrolisthes (Porcellanidae), Lithodes and Paralithodes (Lithodidae) and 
Lomis (Lomisidae). The phylogenetic tree also recovers monophyletic groups for the 
Galatheoidea and the Chirostyloidea, both of which were previously placed in the same 
superfamily (Ahyong et al., 2010, Schnabel and Ahyong, 2010). In this study, Galatheoidea 
consists of Porcellanidae, Munidopsidae and Munididae (without Galatheidae) while 
Chirostyloidea species are seen to be more closely related to the aegloids and lomisoids, both 
groups consistent with findings previously reported in Ahyong et al. (2010) and Schnabel and 
Ahyong (2010). The placement of superfamilies with single representatives, Aegloidea and 
Lomisoidea, are generally unresolved in the BI tree but gene order analysis discussed in the 
subsequent section provides an additional level of information to help resolve these 
relationships, on the basis of new mitochondrial gene order (MGO) synapomorphies. 
 
Initial studies have pointed out several dramatic mitochondrial gene rearrangements in 
individual anomuran species (Hickerson and Cunningham, 2000, Morrison et al., 2002) and 
with significantly increasing taxon sampling, we find the Anomura to be a veritable “hot spot” 
for gene rearrangements compared with other decapod infraorders. In contrast to Brachyura, 
that has been shown to have a taxonomically-widespread common MGO believed to have been 
established early in the evolution of the infraorder (Basso et al., 2017), Anomura does not 
appear to exhibit any such general pattern that can be discerned from the 22 species available 
for this study. Instead, we see a large range of different MGO patterns across the sampled taxa, 
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with 13 patterns observed across only 22 anomuran species compared to only 13 patterns across 
65 brachyuran species (Figure 4.1). While we do not as yet have a working hypothesis for this 
observation, we do note the broad association between the heightened rate of gene 
rearrangements in the Anomura and the well-documented ecological breadth (e.g. from 
terrestrial to the deep vent environments) of species within this infraorder. Reports of 
mitochondrial gene rearrangements are abundant in various groups across the animal kingdom 
(Mueller and Boore, 2005, Kilpert and Podsiadlowski, 2006, Tan et al., 2017) and, though the 
exact causes of mitochondrial gene rearrangements remain unclear, there have been studies 
pointing out possible correlation of gene rearrangements with a variety of external forces 
including elevated nucleotide substitution rates (Shao et al., 2003), the adoption of parasitic 
lifestyles (Dowton and Austin, 1999, Oliveira et al., 2008), or the inhabitation of ‘extreme’ 
ecological niches (e.g. deep-sea, cold waters, hydrothermal vents) (Nakajima et al., 2016, 
Zhuang and Cheng, 2010, Gan et al., 2018). These observations are not unexpected since the 
mitochondrion is the powerhouse of the cell and is essential in the production of energy for 
most eukaryotes. 
 
From our study, we observe instances of major gene rearrangements for several lineages that 
inhabit extreme niches. Lomis and Gastroptychus species that live in deep-sea niches (Martin 
and Haney, 2005), in addition to Kiwa tyleri in chemosynthetic hydrothermal vents (Thatje et 
al., 2015), all show gene rearrangements in the rrnL-trnV-rrnS region, which is thought to be 
extremely conserved in animals (Shao et al., 2001). Kiwa tyleri is also predicted to have a MGO 
that has undergone an additional tdrl event even involving the protein-coding gene ND3. 
Shinkaia crosnieri found in the harsh environments of both cold seeps and deep-sea vents 
(Baba and Williams, 1998, Yang et al., 2016a) shows a MGO that is largely different (T, tdrl, 
4 dels) from other Galatheoidea superfamily members Petrolisthes and Neopetrolisthes that 
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occupy intertidal or subtidal zones (Stillman and Somero, 2000), also containing a rearranged 
gene order of the ND5-ND4-ND4L region generally conserved in animal mitogenomes (Shao 
et al., 2001). Though a rare phenomenon at lower taxonomic levels (Stokkan et al., 2016), 
accelerated gene rearrangements were also observed in Munida isos (T, T, tdrl, dup) resulting 
in a very different MGO compared to Munida gregaria. Interestingly, while most Munida 
species are permanent members of the deep sea, M. gregaria has pelagic juveniles that spend 
part of their time in the water column of the ocean before gradually changing their morphology 
and adapting to the benthos as adults (Williams, 1980). However, with MGO information from 
only two species in such a speciose genus (Machordom and Macpherson, 2004), the potential 
differences even at low taxonomic levels cannot be fully investigated until more sampling of 
other Munida species is achieved. In Brachyura, a possible link between significant ecological 
transitions and MGO is also apparent in the brachyuran crabs from the superfamilies 
Potamoidea and Gecarcinucoidea that have adapted to freshwater habitats and in which each 
species examined in this study has its own unique MGO (Figure 4.4). On the other hand, no 
obvious association is observed between an increased frequency of MGO and morphological 
diversity (e.g. multiple evolution of crab-like forms) within the infraorder. For instance, Birgus 
latro, the largest terrestrial crab that has evolved an almost fully terrestrial life style from a 
hermit crab ancestry reflected by juveniles living in shells which are then outgrown 
(Cunningham et al., 1992), shares the same MGO as its shell-inhabiting relatives from the 
genus Coenobita and Clibanarius that exploit habitus ranging from the high intertidal to the 
subtidal. Other crab-like anomuran lineages also do not appear to exhibit any highly re-
arranged MGOs compared to their hermit crab or squat lobster relatives. 
 
The many gene rearrangement events observed across Anomura increase the potential utility 
of MGO-based analyses in resolving anomuran phylogenetic relationships (Hickerson and 
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Cunningham, 2000, Morrison et al., 2002). For Aegla and Lomis, though unresolved in relation 
to one another in the BI tree, MGO analysis shows a more parsimonious scenario that supports 
a sister relationship between Lomisoidea and Chirostyloidea, with Aegloidea as a sister group 
to this clade (Figure 4.2, Figure 4.3). Aegla, Lomis and all chirostyloid species in this study 
share a transposed trnI (Figure 4.2A and Figure 4.3, A5 → A8) but Lomis and the chirostyloid 
species further share a reversed rrnS-trnV-rrnL arrangement (Figure 4.2A and Figure 4.3, A8 
→ A9) that does not occur in Aegla. This finding is consistent with the ML tree in this study 
(Figure 4.2B) as well as with trees from other studies (Bracken-Grissom et al., 2013, Ahyong 
et al., 2009). An additional TreeREx analysis shows that, if Lomis was basal in this clade 
instead of Aegla, a less parsimonious scenario of two reversal events of rrnS-trnV-rrnL would 
have had to occur to lead to the Aegla MGO (Supplementary Data S4.7). However, since it is 
possible for these rearrangements to be reversed (except for tdrl that are relatively irreversible), 
it is difficult to rule out the less parsimonious scenario based on such limited representation 
per group. 
 
In the context of ‘basal’ anomuran lineage, MGO analysis presents a scenario that does not 
support results from phylogenetic analyses. Although the phylogenetic trees in this study place 
Diogenidae + Coenobitidae at the base of Anomura, MGO analysis reconstructed a putative 
ancestral anomuran MGO (A1 in Figure 4.3) that is almost similar to that of Stemonopa insignis 
(Hippoidea), the difference being a single trnM transposition event (Figure 4.3, A1 → A2). This 
supports an alternative hypothesis of Hippoidea as the possible basal lineage of Anomura, a 
finding that has been previously reported in a number of other studies (Ahyong and O’Meally, 
2004, Bracken-Grissom et al., 2013, Macpherson et al., 2005, Porter et al., 2005, Ahyong et 
al., 2009). However, we also notice an anomaly in this MGO analysis. Adjacent trnL genes in 
anomuran MGOs have been previously pointed out (Morrison et al., 2002), but the gene 
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rearrangement events inferred by TreeREx within the provided phylogenetic context are non-
parsimonious by predicting a change of trnL1 position to one next to trnL2 through tdrl events 
early in the putative ancestral anomuran MGO (Figure 4.3, PanC → A1), followed by a reverse 
transposition back to the original state for galatheoids and Pylocheles (Figure 4.3, A2 → A3), 
and then finally to the state of adjacent trnL genes again in lithoids, Pagurus, Aegla, Lomis, 
and chirostyloids (Figure 4.3, A3 → A5). Since transposition events can be reversible 
potentially leading to some saturation in the observed signals, this further highlights the 
limitation of the MGO analysis approach especially within weak phylogenetic contexts as well 
as limited taxon sampling, in this case for Stemonopa or Pylocheles with only a single 
representative. 
 
Therefore, while MGO analysis shows potential in providing additional phylogenetic markers 
in this study (e.g. Aegloidea and Lomisoidea), there are several caveats: (1) gene rearrangement 
scenarios were inferred within the phylogenetic context provided and thus, contain some 
degree of bias especially for single lineages or clades with low support; (2) CREx and TreeREx 
programs do not take deleted and duplicated genes as input and in this analysis, so that the 
absence of four genes (trnS, trnW, trnC, trnY) observed in Shinkaia crosnieri meant that these 
genes were not considered in the analysis; (3) besides tdrl events that are generally irreversible 
(Chaudhuri et al., 2006), gene rearrangement events such as transpositions, reversals and 
duplications can be reversible, hence there is a possibility of saturation in the observed MGOs 
that can potentially result in obscured phylogenetic signals; (4) Anomura is still currently 
severely under-represented for mitogenomes and so, interpretation of MGO evolution in this 
study may change as more mitogenomes are made available in the future, potentially filling in 
gaps to allow for better inference of transitional MGOs and gene rearrangement pathways. In 
general, we see potential in using MGO information as adding value for studying relationships 
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within the Anomuran species (and Decapoda more generally), but these inferences need to be 
made with caution while keeping in mind potential caveats and biases in each analysis. 
 
Finally, we also attempted to perform additional phylogenetic analysis with nuclear genes, 
though results were found to be rather variable and inconclusive due to insufficient molecular 
resources and unbalanced taxonomic sampling. Using a previously-described approach 
(Grandjean et al., 2017), we successfully recovered the complete 18S rRNA and histone H3 
nuclear gene sequences for all 20 species (anomuran and brachyuran) mentioned in this study 
from the same partial genome scan data used for the recovery of mitogenome sequences, along 
with sequences from two other anomuran species (Clibanarius infraspinatus, Petrolisthes 
haswelli) our group had previously worked on (Gan et al., 2016f, Tan et al., 2016c). However, 
our contributions only cover 6 of the 7 superfamilies, with important members of some 
superfamilies (Lithodoidea), families (Kiwaidae, Muniopsidae) and also Pagurus from the 
polyphyletic Paguroidea missing from the analysis. Based on a nucleotide super-alignment 
constructed from mitogenome (13 PCGs, 2 rRNA) and nuclear (18S, H3) genes and partitioned 
according to genes (and codon positions for protein-coding genes), this taxonomically-reduced 
ML tree consists of only 14 anomuran species instead of 22, and places the Galatheoidea 
(Munida isos, Petrolisthes haswelli) clade at the base of Anomura (Supplementary Data S4.8), 
whereas a separate analysis of only protein-coding genes (13 mito PCGs + histone H3) again 
reveals a basal Hippoidea. Given that different results are recovered from multiple trees, the 
anomuran phylogeny remains unresolved at higher taxonomic levels and will likely benefit 
from a more comprehensive and targeted taxonomic sampling to enable more robust 
phylogenetic inferences. Alignment and Newick format trees are available as Supplementary 
Data S4.8. Also interestingly, regardless of the amount of sequence data available, the recovery 
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of the 28S rRNA sequence appears to be more challenging in anomurans compared to 
brachyurans and astacids (Grandjean et al., 2017). 
 
4.5 Conclusion 
In this study, we show that not only can mitogenome gene rearrangements be used to support 
relationships recovered from phylogenetic reconstruction (i.e. closely-related members of a 
same taxonomic clade often share identical MGOs, with the exception of Munida species), it 
can also provide insights into relationships where tree-based relationships are poorly resolved 
(i.e. the Aegla-Lomis relationship) or in conflict (i.e. suggesting a basal Hippoidea as opposed 
to paguroids in the tree). In this study, the newly-added feature in MitoPhAST has greatly 
facilitated large-scale MGO analyses. Nevertheless, while this study contributes a substantial 
amount of new genetic resources for Anomura, it is apparent that even with additional signals 
from gene order patterns, mitogenome sequences alone are inadequate in resolving the deep 
internal relationships within this group. As a linked molecule (single locus), the mitogenome 
undergoes rapid signal saturation that limits the power and veracity of these sequences to 
resolve relationships at higher taxonomic levels (Timm and Bracken-Grissom, 2015). Though 
nuclear ribosomal RNAs (18S, 28S) are often used as well to strengthen phylogenetic analyses, 
these too often suffer limitations such as alignment ambiguities and rate heterogeneity (Chu et 
al., 2016). With these limitations, we believe that, moving forward, more work is required to 
determine if a greater range of nuclear protein-coding genes can be consistently recovered 
across diverse crustacean species using the genome skimming approach of Grandjean et al. 
(2017) or alternatively from crustacean transcriptomic datasets (Northcutt et al., 2016, Tan et 
al., 2016a, Xu et al., 2017) and whether these approaches would provide sufficient molecular 
resources for further unravelling the complex web of anomuran relationships. 
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Comparative mitogenomics of the Decapoda (Arthropoda: Crustacea) 
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5.1 Introduction 
Traditional molecular systematic research has been largely dependent on phylogenetic 
reconstructions based on few molecular markers obtained via individual targeted polymerase 
chain reaction (PCR) and Sanger sequencing approaches (Ahyong and O’Meally, 2004, Porter 
et al., 2005, Schultz et al., 2009, Bracken et al., 2010, Bracken et al., 2009b, Boisselier-Dubayle 
et al., 2010, Crandall et al., 2000). More recently, the advent of second-generation sequencing 
(SGS), coupled with the development of simplified and streamlined laboratory and 
bioinformatic pipelines (Gan et al., 2014, Hahn et al., 2013, Bernt et al., 2013d, Tan et al., 
2015, Wyman et al., 2004), has seen a proliferation of eukaryotic and prokaryotic genomic 
resources. Notably, advances in genomic approaches have greatly increased the efficiency of 
recovering complete and near-complete mitochondrial genomes from species across the animal 
and plant kingdoms, making it a popular candidate for phylogenetic and comparative genomic 
studies, in addition to its role as a useful barcode for species identification. Despite the rapid 
growth in mitogenome resources, current datasets predominantly come from small and 
disconnected studies on single or a limited number of related species, introducing sampling 
biases and impeding research of broad taxonomic relevance (Smith, 2016, Sanitá Lima et al., 
2016, DeSalle, 2016). While there is general consensus that new mitogenome resources remain 
valuable for comparative genomic and systematic research, more efforts should be directed at 
increasing the representation of mitogenome resources for poorly-represented biological 
lineages and at addressing more interesting and relevant evolutionary, genomic and systematic 
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questions that can only be done with increased taxon sampling (Smith, 2016). More 
specifically, within the context of phylogenetics, inadequate sampling and taxon biases can 
introduce artefactual sources of error such as long-branch attraction, false monophyly and 
distortions of true phylogenetic relationships (Timm and Bracken-Grissom, 2015). This 
highlights the need for reviews of sampling biases and more exhaustive sampling to overcome 
these limitations. 
 
Decapods are a highly speciose and diverse group of crustaceans, including almost 15,000 
species across 11 infraorders (De Grave et al., 2009), and provide critical ecosystem services 
across marine, freshwater and terrestrial environments, many of which also support 
commercial fisheries (Chávez, 2009, Chavez and Gorostieta, 2010) and are of potential medical 
importance (Dobson, 2010, Cumberlidge and Clark, 2010). The first decapod mitogenome 
sequences emerged in the early 2000s based on tedious Sanger sequencing approaches but were 
biased primarily toward species of commercial importance (Hickerson and Cunningham, 2000, 
Miller et al., 2005, Miller et al., 2004, Wilson et al., 2000, Yamauchi et al., 2003, Yamauchi et 
al., 2002). While these studies provide an early hint on the heterogeneous nature of decapod 
mitogenomes, reporting novel gene orders in multiple lineages, phylogenetic and comparative 
genomic studies remained severely constrained by limited taxon sampling for almost a decade 
(Wilson et al., 2000, Hickerson and Cunningham, 2000, Yamauchi et al., 2003, Miller et al., 
2005, Miller et al., 2004, Yamauchi et al., 2002). However, since the emergence of modern 
genomic sequencing approaches, the availability of mitogenome resources for the Decapoda 
have rapidly expanded. Since Miller et al’s study, many new decapod mitogenomes have 
become available (now numbering in the hundreds) and have provided numerous new insights 
into decapod evolutionary relationships and comparative mitogenomics at various taxonomic 
levels (Hahn et al., 2013, Shi et al., 2015, Basso et al., 2017, Tan et al., 2017, Ji et al., 2014, 
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Gan et al., 2018, Lin et al., 2012, Shen et al., 2013, Tan et al., 2015). Despite this progress, 
sampling within this large and diverse group has generally been skewed towards commercial 
or easily-sampled species and less towards addressing specific taxonomic gaps within and 
between infraorders, hence the emerging calls for efforts to achieve more balanced taxonomic 
sampling (Tan et al., 2018b, Timm and Bracken-Grissom, 2015, Shen et al., 2013, Shen et al., 
2015). At the time this study was initiated, mitogenomic resources for less diverse and rare 
groups such as Polychelida, Stenopodidea, Axiidea and Gebiidea were scarce, often resulting 
in unresolved positions for these groups within early mitogenome phylogenetic 
reconstructions. To gain a more comprehensive understanding of evolutionary relationships 
and genomic compositions within Decapoda, mitogenome resources for more species across a 
breadth of taxonomic groups are much needed. 
 
Though the value of mitogenomes as the sole genetic marker for phylogenetic research is often 
contested, mainly due to its weak resolving power as a single linked locus and possibly 
saturated signals, mitochondrial DNA sequences remain the most abundant publicly-available 
molecular genetic resources and continue to be used widely. As mitogenomic resources 
continue to expand and bioinformatic tools capable of processing and analysing these immense 
datasets are further developed, opportunities are emerging for in-depth characterisation of 
mitogenome structural and transcriptional architecture across broad taxonomic groups, and 
patterns of evolutionary interest (Sanitá Lima et al., 2016, Smith, 2016). Studies on various 
animals have been increasingly focussed on the evolution of mitogenome characteristics within 
and among a range of taxonomic groups (Plazzi et al., 2016, Babbucci et al., 2014, Lin et al., 
2012), comparing various transcriptional and translational features such as nucleotide and 
amino acid composition (Perna and Kocher, 1995, Reyes et al., 1998), substitution rates (Shao 
et al., 2003, Gan et al., 2018), codon usage (Tan et al., 2017, Chen et al., 2014), unassigned 
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and intergenic regions (Weigert et al., 2016, Guerra et al., 2014) and strand asymmetry 
(Eberhard and Wright, 2016, Min and Hickey, 2007). 
 
As a whole, lineages within the Decapoda have successfully conquered a very broad range of 
environments (e.g. freshwater, terrestrial, marine) as well as adopting a wide variety of 
lifestyles, body forms and sizes. Considering the varied metabolic demands associated with 
this range of adaptations, it would not be unexpected that the respiratory functions of the 
mitochondrion to be subject to selective pressures. Thus, heterogeneity in mitogenomic 
features may provide insights into possible correlations between the evolution of the molecule 
and species diversification at a range of evolutionary scales (Plazzi et al., 2016, Eo and 
DeWoody, 2010). The ease of recovering complete mitogenomes with modern genomic 
approaches has also led to increased focus on the analysis of gene rearrangements (Babbucci 
et al., 2014, Bernt et al., 2008, Yoshizawa et al., 2018, Weigert et al., 2016, Bernt et al., 2007). 
In the Decapoda, novel mitochondrial gene orders (MGOs) have been reported across a range 
of lineages (Tan et al., 2016b, Gan et al., 2016f, Bai et al., 2018, Jia et al., 2018, Ahn et al., 
2016) and at an unusually high frequency compared with other higher-level taxa (e.g. several 
insect orders (Cameron, 2014), frogs (Zhang et al., 2013), birds (Eberhard and Wright, 2016), 
batoids (Gaitán-Espitia et al., 2016), elasmobranchs (Amaral et al., 2018)). Several studies have 
suggested possible correlations of certain highly-rearranged MGOs to accelerated nucleotide 
substitution rates in selected lineages or to the adaptations to specialised lifestyles and extreme 
ecological niches (Gan et al., 2018, Shao et al., 2003, Tan et al., 2018c, Cameron, 2014). This 
may potentially be multifactorial, occurring in association with the evolution of various 
biochemical and metabolic traits (e.g. DNA repair, metabolic rate, generation time, body size) 
(Shao et al., 2003). Similar to insects (Cameron, 2014), MGO patterns have also been identified 
as potential synapomorphies for various decapod groups at a range of taxonomic levels, in 
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some instances providing unequivocal resolution of contentious evolutionary relationships 
(Tan et al., 2017, Tan et al., 2018c, Basso et al., 2017, Boore et al., 1998, Dowton and Austin, 
1999, Morrison et al., 2002, Gan et al., 2018). 
 
In this study, we contribute 21 new mitogenomes from 7 decapod infraorders including a 
number from pre-identified taxonomic groups, either lacking mitogenomic data or with limited 
sampling (i.e. only single mitogenomes from infraorders Stenopodidea and Polychelida). We 
then provide an overview of the distribution of mitochondrial gene orders (MGO) across ten 
decapod infraorders within the context of our inferred phylogeny and show that, while variable 
MGOs are commonplace throughout Decapoda, these rearrangements are also unevenly 
distributed across various groups. Though noting a lack of correlation of these heightened 
rearrangements with variations in general ecology, lifestyles or nucleotide substitution rates, 
we point out instances of MGOs as likely synapomorphies supporting clades at various 
taxonomic levels by mapping predicted rearrangement events on inferred phylogenies. Finally, 
we also perform compositional-related comparisons of several mitogenome characteristics 
(e.g. nucleotide content, AT/GC-skews, codon usage) to gain further insights into the nature of 
molecular evolution of decapod mitogenomes and revealing some of these features as having 
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5.2 Material and Methods 
5.2.1 Sequencing, mitogenome assembly and annotation 
Most samples used for this study were from vouchered specimens obtained from museum 
collections, including the National Taiwan Ocean University (NTOU), Museum Victoria 
(NMV), Muséum National d'Histoire Naturelle (MNHN), Australian Museum (AM) and 
Museum and Art Gallery of the Northern Territory (MAGNT). Genomic DNA was extracted 
from the tissue samples of 21 crustacean species (Table 5.1) representing seven decapod 
infraorders (Gebiidea: 6, Polychelida: 5, Achelata: 3, Stenopodidea: 3, Astacidea: 2, Axiidea: 
1, Caridea: 1) and sequenced at low coverage on the Illumina MiSeq platform as previously 
described (Gan et al., 2014). Low quality sequences were trimmed with Trimmomatic v.0.36 
(Bolger et al., 2014), followed by contaminant-filtering (i.e. sequences of bacterial origin) with 
kraken v.0.10.5-beta (Wood and Salzberg, 2014) using its precompiled database 
(minikraken_20141208). Resulting high-quality reads were then assembled de novo with 
IDBA-UD v.1.1.1 (Peng et al., 2012) to recover a complete mitogenome or, if circularity was 
not obtained, MITObim v.1.8 (Hahn et al., 2013) was used to achieve assemblies using short 
mtDNA sequences from related species as ‘baits’. Circularised mitogenomes were annotated 
with MITOS (Bernt et al., 2013d) to identify gene boundaries for protein-coding genes (PCG), 
ribosomal RNAs (rRNA) and transfer RNAs (tRNA), which were further adjusted manually 
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Table 5.1 Specimen sources and mitogenome accession numbers for 21 decapod species 
(from 7 infraorders) contributed in this study. 






Scyllaridae Ibacus alticrenatus Off Ningaloo North, Western 
Australia, Australia 
NMV J53370 MG551493 
Scyllaridae Remiarctus bertholdii Off Ningaloo South, Western 
Australia, Australia 
NMV J53384 MG551497 
Palinuridae Puerulus angulatus Off Ningaloo North, Western 
Australia, Australia 
NMV J55596 MG551496 
 
ASTACIDEA 
Parastacidae Ombrastacoides huonensis West of Scotts Peak Road near 
Twin Creek, Tasmania, Australia 
N/A MG551494 
Parastacidae Parastacus brasiliensis Brazil N/A MG551495 
 
AXIIDEA 
Strahlaxiidae Strahlaxius plectrorhynchus Edithburg, Yorke Peninsula, 
South Australia, Australia 
AM P82855 MH234571 
 
     
CARIDEA     
Alpheidae Alpheus inopinatus Casuarina beach, Darwin, 
Northern Territory, Australia 
N/A MG551491 
     
GEBIIDEA 
Axianassidae Axianassa australis Praia do Araçá, São Sebastião, 
São Paulo, Brazil 
NMV J44613 MH234568 
 
Laomediidae Laomedia healyi Merimbula Lake, New South 
Wales, Australia 
AM P41482 MH234569 
 
Thalassinidae Thalassina squamifera Rapid Creek, Darwin, Northern 
Territory, Australia 
N/A MG551498 
Upogebiidae Gebiacantha plantae Off Yorke Island, Queensland, 
Australia 
NMV J44914 MG551492 
Upogebiidae Upogebia affinis Sandbank on south side of Fort 
Pierce inlet, Florida, USA 
NMV J40668 MH234572 
 
Upogebiidae Upogebia bowerbankii Off Ningaloo North, Western 
Australia, Australia 
NMV J53465 MG551499 
 
POLYCHELIDA 
Polychelidae Cardus crucifer Golfe ibéro-marocain 




Polychelidae Pentacheles laevis South China Sea 
(10.32 N, 114.23 E) 
NTOU M01875 KX343004 






Polychelidae Polycheles coccifer Donggang Fishing Port, 
Southwest Taiwan 
NTOU M01757 KX343005 





Spongicolidae Globospongicola spinulatus Southwest Taiwan 
(22.27 N, 120.00 E) 
NTOU M01877 KU188326 
Spongicolidae Spongicola levigatus South China Sea 
(16.12 N, 114.34 E) 
NTOU M01876 KU188325 
Stenopodidae Stenopus scutellatus Carrie Bow Cay, Belize N/A MF741653 
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5.2.2 Mitogenome-based phylogenetics 
Based on combinations of protein-coding genes (PCG) and ribosomal RNA genes (16S, 12S), 
mitogenome sequences from 246 decapod species, with Euphausia pacifica (Euphausiacea) as 
the outgroup, maximum-likelihood trees were constructed with the MitoPhAST v3.0 pipeline 
(Tan et al., 2015), which automates sequence alignments, trimming of ambiguous regions, 
sequence concatenation, partitioning by gene (and codon position for nucleotides), model 
testing and tree-building by combining a series of tools (Abascal et al., 2010, Nguyen et al., 
2015, Kück and Longo, 2014, Katoh and Standley, 2013, Castresana, 2000, Scordis et al., 1999, 
Eddy, 2011, Altschul et al., 1990). 
 
Analyses were carried out on three datasets: 
I. 13 mitochondrial PCGs (nucleotides) 
II. 13 mitochondrial PCGs + 12S + 16S (nucleotides) 
III. 13 mitochondrial PCGs (amino acids) 
 
All Maximum-likelihood trees reconstructed from the three mitochondrial-based datasets 
(Datasets I to III) were rooted with E. pacifica (Euphausiacea) often treated as sister clade to 
the Decapoda (Vereshchaka et al., 2018). 
 
Without making an a priori assumption on the likelihood of specific lineages undergoing 
episodic positive selection, the aBSREL method (Smith et al., 2015) implemented in the 
command-line version of the HyPhy v.2.3.11 package (Pond and Muse, 2005) was used on the 
codon alignment of each mitochondrial protein-coding gene to test each branch in the 
maximum-likelihood phylogeny inferred from Dataset I, to inspect whether a proportion of 
sites have evolved under positive selection (𝜔 > 1). Further, evolutionary rates were estimated 
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from the same codon alignments using BEAST v.2.5.0 (Bouckaert et al., 2014). An 
uncorrelated, lognormal relaxed clock model was applied to each partition and the Yule Model 
was used as the tree prior since taxa consist of individuals from different species, with 
Euphausia pacifica was set as outgroup. Two BEAST MCMC runs of 6 × 109 were performed 
and convergence was checked with Tracer v.1.7.1 (Rambaut et al., 2018), applying a burn-in 
of 20% and checking for sufficient Effective Sample Size (ESS) (> 200). Finally, trees from 
both MCMC runs were combined and a maximum clade credibility tree was constructed. Rates 
were visualised with Figtree v.1.4.3 (Rambaut, 2012). 
 
5.2.3 Mitochondrial gene order (MGO) analysis 
Prior to gene order analyses, public mitogenome entries downloaded from GenBank were 
manually inspected for inaccuracies via cross-checks against results from the MITOS 
webserver (Bernt et al., 2013d). Any discrepancies found (e.g. incorrect strands specified, 
missing genes, mislabelling, etc) were corrected and new GenBank files were generated 
(Supplementary Data S5.1). Mitogenomes were then processed through the MitoPhAST v3.0 
pipeline, which compares and clusters MGOs into groups according to gene order patterns (Tan 
et al., 2018c). Similar to Tan et al. (2018c), the output Fasta format file containing MGO for 
every mitogenome was pre-processed to remove missing genes in one or more species and also 
to retain only a single copy of duplicated genes. Using each of the generated Maximum-
likelihood trees (nucleotide- and amino acid-based) as a phylogenetic guide, gene 
rearrangement pathways and putative ancestral MGOs were reconstructed with TreeREx v.1.85 
(Bernt et al., 2008). To obtain more accurate inferences, TreeREx results were further used to 
guide pairwise comparisons using web-based CREx (Bernt et al., 2007) to enable the inclusion 
of fuller sets of genes that would have been excluded in the TreeREx analysis. The interactive 
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Tree of Life (iTOL) online phylogenetic tool (Letunic and Bork, 2016) was used to illustrate 
the distribution of MGOs across various infraorders in the phylogenetic tree. 
 
5.2.4 Comparative analyses of other mitochondrial features 
Excluding individuals with partial mitogenomes, Hyper-Empirical Relative Mitochondrial 
Evolutionary Speed (HERMES) index is generated for each of 239 individuals using HERMES 
v.1.0 (Plazzi et al., 2016) to estimate the amount of mitochondrial evolution. Given a maximum 
likelihood tree, the program computes the root-to-tip distance for each species (RtoTdist) and 
ML distance from the E. pacifica outgroup (MLdist) then merges these with other 
mitochondrial characteristics including the percentage of Unassigned Regions (URs), amount 
of mitochondrial identical gene arrangements (AMIGA) for PCGs and strand usage skew 
(SUskew). Also, codon usage counts in each individual were obtained with EMBOSS v.6.6.0 
(Rice et al., 2000) with minor adjustments for the Invertebrate Mitochondrial Code, followed 
by the calculation of relative synonymous codon usage (RSCU) values by taking the ratio of 
the actual number of times a codon appears to the expected frequency of the codon if all 
synonymous codons for a same amino acid are used equally (Sharp and Li, 1987). Various 
mitogenome characteristics were then summarised by Principal Component Analysis (PCA) 
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5.3 Results 
5.3.1 New mitogenomes for under-represented infraorders 
This work contributes mitogenomes for 21 species from 7 decapod infraorders, substantially 
increasing complete mitogenome resources for infraorders that were most under-represented 
in previous mitogenome studies. All but one of the mitogenomes were successfully assembled 
into complete circular sequences ranging from 15.5 to 17.6 kbp. The assembled mitogenome 
of Parastacus brasiliensis contains a gap in the putative control region. All mitogenomes 
contain the typical 13 protein-coding genes and 2 ribosomal RNAs (rRNA), but with varying 
numbers (18 to 23) of identified transfer RNAs (tRNA). Collection sources, specimen vouchers 
and mitogenome accession numbers are provided in Table 5.1 and detailed summaries of each 
new mitogenome is available in Supplementary Data S5.2. 
 
5.3.2 Mitogenome-based phylogenetics provide insights into infraordinal relationships 
Concatenation of the mitochondrial genes resulted in 10 359, 11 694 and 3 453 alignment sites 
for Dataset I, Dataset II and Dataset III, respectively. Out of the 21 new species for which 
mitogenomes were contributed in this study, eight species are observed in the trees to share 
sister relationships with species from the same genus. The remaining 13 species represent new 
lineages, providing new resources for their respective genera (Spongicola, Globospongicola, 
Remiarctus, Puerulus, Cardus, Pentacheles, Stereomastis, Parastacus, Ombrastacoides, 
Strahlaxius, Axianassa, Laomedia, Gebiacantha). These lineages also cluster with other 
members from their respective families or superfamilies supporting existing taxonomic 
arrangements (Figure 5.1, trees are available as Supplementary Data S5.3). Relationships 
among all decapod infraorders are represented in this analysis, with the exception of 
Procarididea that lacks available complete mitogenome data. 
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All three datasets recover monophyletic groups for the 10 Pleocyemata infraorders, with a 
consistent basal position for the shrimps (Caridea, Stenopodidea), followed by the burrowing 
shrimps (Axiidea, Gebiidea), with the ‘crabs’ (Anomura, Brachyura) in the most derived 
positions. The lobsters and crayfish and allies, mostly represented by Achelata, Astacidea, 
Glypheidea and Polychelida, sees some discrepancies between topologies reconstructed from 
nucleotide (Dataset I and II) and amino acid (Dataset III) datasets. Nucleotide-based 
phylogenies place Achelata at a relatively basal position whereas the topology based on the 
amino acid alignment has Achelata nested within the larger lobster/crayfish clade. This in turn 




Figure 5.1 Infraorder-level topology based on three datasets. Red branches indicate nodes with weak support 
(ultrafast bootstrap values of < 95%). 
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5.3.3 Gene order rearrangements are unevenly distributed across decapod infraorders 
In general, the level of diversity in MGO patterns varies widely within and between infraorders 
(Figure 5.2). Excluding the infraorders with less than 10 species sampled (Glypheidea, 
Stenopodidea, Polychelida, Axiidea), decapod groups ordered from most to least diversity of 
MGOs are as follows: Anomura (13 MGO patterns among 22 species), Gebiidea, Astacidea, 
Achelata, Brachyura, Dendrobranchiata and Caridea (4 MGO patterns among 37 species). 
Several MGO ‘hot-spots’ are identified from this analysis. For instance, almost every family 
in Anomura (An) and Gebiidea (Ge) has a unique MGO pattern. Within the Astacidea (As), 
species in the Parastacidae exhibit 12 different MGOs compared to its sister family group 
Astacidae with only one MGO pattern shared by all species. In addition, almost every genus in 
the brachyuran (Br) superfamilies Gecarcinucoidea and Potamoidea have unique MGOs (see 
Supplementary Data S5.4 for additional information). 
 
Established as a gene order common to insects and crustaceans (Boore et al., 1998), the 
pancrustacean ground pattern (coloured orange and labelled Gr) is predominantly observed for 
basal decapod groups such as the suborder Dendrobranchiata and infraorders Caridea, Achelata 
and Glypheidea, appears in a limited number of species within the Astacidea and Gebiidea, and 
is absent in all species so far sequenced in the other infraorders. Within the context of the 
inferred phylogeny, gene rearrangement events shared by members of specific clades provide 
examples of unifying evolutionary signatures (synapomorphies) from higher levels such as the 
infraorder-specific St1 pattern shared by the four analysed Stenopodidea species, through the 
superfamily-specific As1 for species in the Astacoidea, and family-specific rearrangements at 
the base of the Upogebiidae clade illustrated by the Ge1 pattern. 
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Figure 5.2 Decapod phylogenetic tree. This cladogram was inferred using the maximum-likelihood method 
based on Dataset I (13 mitochondrial PCGs, 10 359 nucleotide alignment). Clades are coloured according to the 
different infraorders. The outer colour strip in the phylogenetic tree represents the distribution of mitochondrial 
gene orders (MGO) in various infraorders and summarises a total of 59 different MGOs across the 246 different 
decapod species analysed, labelled for each infraorder in the panels below. Orange-coloured MGO labelled with 
‘Gr’ refers to the pancrustacean ground pattern; other derived MGOs are numerically labelled and attached with 
a 2-letter infraorder prefix. MGOs that differ from the ground pattern are a result of a series of CREx-predicted 
gene rearrangement events: transposition (T), reversal (r), reverse transposition (rT), duplication (d), deletion (x) 
and tandem duplication-random loss (tdrl). Yellow- or red-coloured circles on some nodes reflect the level of 
uncertainty for the TreeREx reconstruction of each ancestral MGO, with red exhibiting highest level of 
uncertainty, yellow for mid-level and no circle for consistent reconstruction (see Babbucci et al. (2014) for 
details). Subsequent outer rings indicate, to the best of our knowledge, the possible environments (terrestrial, 
freshwater, marine, vents/seeps) inhabited by each decapod species. 
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5.3.4 Lack of correlation between MGO variation and nucleotide substitution rates 
Overall, evidence of episodic positive selection is observed in 10 out of 13 mitochondrial PCGs 
(ATP6, COX1, COX2, COX3, CYTB, ND1, ND2, ND4, ND5, ND6) and for main branches of 
most infraorders/suborders, with the exception of Dendrobranchiata, Glypheidea and Axiidea 
(Supplementary Data S5.5). Notably, a higher frequency of statistically significant selection is 
reported in Caridea mostly detected along branches leading to the genera Alpheus, Palaemon 
and Macrobrachium. On the other hand, accelerated evolutionary rates are observed for 
multiple decapod lineages across all infraorders (Supplementary Data S5.6). While there 
appears a link between substitution rates and heightened gene rearrangements in some 
taxonomic clades, for example in Parastacoidea (southern hemisphere crayfish) or Caridea, 
there are also instances where accelerated rates are observed for lineages with highly conserved 
MGOs as well. Across Decapoda as a whole, both analyses do not suggest a link between 
variable MGOs and positive selection or evolutionary rates. 
 
5.3.5 Mitogenome characteristics vary within and between decapod infraorders 
The HERMES index appears to be informative for our dataset with reasonable goodness-of-fit 
statistics of TLI = 0.939, SRMR = 0.053, RMSEA = 0.058, all close to boundaries suggested 
by Hu and Bentler (1999). The highest communality was for AMIGA at 85.5% whereas other 
variables scored at only 10 to 20%, resulting in a mean of 29.1% (i.e. the HERMES index 
accounts for 29.1% of the total variability of the source matrix). Since gene order is the key 
parameter in this system, the HERMES factor analysis in Figure 5.3 separates individuals into 
two distinct groups. The first group exhibits low HERMES index and consists of individuals 
with MGO that is identical to or highly similar to the pancrustacean ground pattern (Gr) while 
the second group comprises mostly of individuals that have undergone tdrl events resulting in 
large rearrangements of mitochondrial PCGs (Figure 5.2). 
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Figure 5.3 HERMES index across Decapoda. Species are listed horizontally by suborder, infraorder, 
superfamilies and families to highlight differences among various taxonomic groups. 
 
 
Several notable observations can be made on the clustering of data points. While most 
individuals with MGOs identical or similar to the pancrustacean ground pattern tend to form a 
tight cluster, some of these are distinctly separated from others based on the proportion of their 
unassigned regions, most of them either containing more than one putative control region (e.g. 
Metanephrops, Munida) or long intergenic regions (e.g. Geothelphusa, Longpotamon) (Figure 
5.4A). Other features of the mitogenome sequence itself such as %AT separates most of 
brachyuran crabs from caridean shrimps, whereas GC-skew distinguishes the two Astacidea 
superfamilies (Astacoidea, Parastacoidea) (Figure 5.4B). The two burrowing mud shrimp 
infraorders, Axiidea and Gebiidea, are often clearly split into different quadrants, whereas data 
points representing anomuran species are generally widely scattered across all PCA plots. 
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Figure 5.4 Mitogenomic PCA plots. Principal component analyses using Pearson’s correlation based on various 
characteristics of the mitogenome. Figure 5.4A shows the PCA plot based on the same five variables in the 
HERMES analysis, with the first two principal components accounting for 59.39% of the dataset variability. 
Additionally, Figures 5.4B and Figure 5.4C summarises nucleotide composition and asymmetry (skew) 
information with 91.97% and 56.98% of each dataset variability, respectively, in the first two principal 
components. Data points are labelled with the first 2 or 3 letters of the genus followed by the first 3 letters of the 
species name; e.g. ‘ChDes’ for Cherax destructor. 
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5.4 Discussion 
This study adds to the growing list that has benefited from the use of museum-preserved 
specimens for mitogenomic studies (Andersen and Mills, 2012, Tin et al., 2014, Aznar-
Cormano et al., 2015, Besnard et al., 2016, McCormack et al., 2016, Tan et al., 2018b, 
Timmermans et al., 2016), with mitogenomes for 21 species strategically sampled to fill 
important taxonomic gaps, particularly in under-represented decapod infraorders. The higher 
level topologies of all trees reconstructed in this study are congruent at the base and top of the 
trees, consistently recovering: [1] the suborder Dendrobranchiata as sister group to the rest of 
egg-brooding Pleocyemata, [2] Caridea as basal to Pleocyemata, [3] Stenopodidea as sister to 
all of Reptantia, [4] Axiidea and Gebiidea as separate infraorders, and [5] Anomura and 
Brachyura placed as sister taxa high in the tree, generally in agreement with previous reports 
(Ahyong and O’Meally, 2004, Shen et al., 2013, Tan et al., 2018b, Tan et al., 2015) though 
with points of distinction with others (Porter et al., 2005, Tsang et al., 2008, Bracken et al., 
2009b, Crandall et al., 2000, Dixon et al., 2003). Incongruent topologies show that inter-
relationships among lobster and crayfish infraorders still remain unresolved (Ahyong and 
O’Meally, 2004, Bracken et al., 2009b, Boisselier-Dubayle et al., 2010, Bracken-Grissom et 
al., 2014, Crandall et al., 2000, Dixon et al., 2003, Schram and Ahyong, 2002), requiring further 
taxonomic sampling and/or additional nuclear gene information. It is also noteworthy that the 
taxonomically-impoverished infraorder Procarididea (Bracken et al., 2010, De Grave and 
Fransen, 2011) is absent from our study, but is considered by most to likely be one of the basal 
lineages within the Decapoda (Bracken et al., 2010). 
 
The contrasting of MGO patterns across all available decapod mitogenomes has revealed some 
interesting findings. Most notably, a number of highly-rearranged gene orders are observed, 
occurring in unequal frequencies across various decapod infraorders or at lower taxonomic 
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levels, with a level of diversity higher than or at least comparable to the levels observed in 
other metazoan groups (Zhang et al., 2013, Eberhard and Wright, 2016, Macey et al., 2004, 
Weigert et al., 2016, Babbucci et al., 2014, Gissi et al., 2008). We see the prevalence of the 
pancrustacean ground pattern (Gr) (Boore et al., 1998), and/or other highly-similar MGOs in 
infraorders at both the basal and more derived positions, indicating that this highly-conserved 
ground pattern is likely to be ancestral for decapods, with modified MGOs within each 
infraorder being more derived traits (Lin et al., 2012). Hence, instances of clade-specific MGO 
patterns or MGO “hot spots” suggest that the utility of MGOs as synapomorphies is amplified 
for certain decapod groups, acting as unifying evolutionary signatures that can be used to either 
support or question existing classifications at a range of taxonomic levels (Boore et al., 1998, 
Lin et al., 2012, Tan et al., 2018c, Tan et al., 2017, Basso et al., 2017, Gan et al., 2018, Morrison 
et al., 2002, Cameron, 2014). For example, brachyuran species associated with the Varunidae 
(superfamily Grapsoidea) and Macrophthalmidae (superfamily Ocypodoidea) that form sister 
clades (Basso et al., 2017, Schubart et al., 2006, Tan et al., 2018c, Kitaura et al., 2002) also 
share the Br2 MGO pattern, which provides complementary support to other phylogenetic 
studies that call for re-evaluation of classifications for the two large paraphyletic superfamilies 
(Schubart et al., 2006, Ji et al., 2014, Kitaura et al., 2002, Tsang et al., 2014). Nonetheless, it 
is equally important that we continue to be cautious when evaluating MGO information within 
a phylogenetic context (Tan et al., 2018c, Babbucci et al., 2014, Boore and Brown, 1998), 
keeping in mind the caveats related to potential homoplastic or convergent arrangements 
(Babbucci et al., 2014, Mindell et al., 1998, Macey et al., 2004, Stöger et al., 2016), saturation 
of signals from reversible rearrangement events (Perseke et al., 2008, Moret et al., 2001) or 
possibly inaccurate inferences from unresolved phylogenies (Tan et al., 2018c). 
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In contrast to findings by Shao et al. (2003) that found a positive correlation between gene 
rearrangements and elevated nucleotide substitution rates in insect mitogenomes, our simple 
analysis indicates no such correlation across the Decapoda (Supplementary Data S5). Although 
the exact drivers of MGO rearrangements remain unclear, other studies have noted broad 
associations with adaptations to extreme ecological niches and lifestyles (Dowton and Austin, 
1999, Gan et al., 2018, Tan et al., 2018c, Nakajima et al., 2016, Zhuang and Cheng, 2010, 
Cameron, 2014). Similarly, accelerated rates of MGO rearrangements occur in various decapod 
lineages such as burrowing crayfish (Gan et al., 2018), freshwater crabs (Tan et al., 2018c), 
and other species adapted to extreme deep-sea environments or temperatures (Zhuang and 
Cheng, 2010, Tan et al., 2018c). However, again, our study indicates no such correlation 
between MGOs and ecologically-similar decapod groups. For example, freshwater crabs and 
crayfish (southern hemisphere parastacids) display highly variable MGOs, while other 
freshwater groups such as the shrimps and northern hemisphere crayfish maintain the same 
gene order among all sampled species (although the members of northern hemisphere crayfish 
group have a large distinctive rearrangement that acts as a synapomorphy for the superfamily). 
The same observation applies to other crab and shrimp species inhabiting deep sea vent niches, 
or burrowing axiid mud shrimps, which exhibit only a few rearranged MGOs. However, 
ecological transitions and the evolution of a distinct bauplan or the adoption of different 
lifestyles (e.g. parasitism or adaptation to freshwater) may be achieved via different 
evolutionary pathways (Tshudy and Sorhannus, 2000, Murphy and Austin, 2005, Tsang et al., 
2011) and the consequences for energy demands for an organism maybe just one of a plethora 
of factors including thermal tolerance (Kankondi et al., 2018), aerial exposure (Greenaway, 
2003), sensitivity to salinity (Vereshchagina et al., 2016), light (Frank and Widder, 1994) or 
metal concentrations (Hand and Somero, 1983). Thus, we do not rule out an association of 
heightened MGO rearrangements and profound changes at deep taxonomic levels (e.g. the two 
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groups of crayfish) to clade-specific adaptations and ecological/life history transitions, but 
these cannot be confidently determined until we achieve a better understanding of the stressors 
involved at the cellular and physiological level and the associated adaptive responses. 
 
Previous studies have compared decapod MGO patterns at lower taxonomic levels across the 
Decapoda (e.g. Lin et al. (2012), Tan et al. (2017), Basso et al. (2017), Tan et al. (2018c), Chen 
et al. (2018), Jia et al. (2018), Sun et al. (2018a), Gan et al. (2018)). However, this study is one 
of the few to investigate the extent of MGO diversity at the ordinal level and a large number 
of species (246 species), the other being a phylomitogenomic study on 86 malacostracan 
mitogenomes (Shen et al., 2015). Other large-scale comparative MGO analyses for various 
metazoan groups have also reported on the distribution of MGOs, some showing relatively 
high rates of MGO evolution from their respective ancestral patterns. These examples include 
not only invertebrate groups such as insects, gastropods, lice, barnacles, bivalves and annelids 
(Babbucci et al., 2014, Grande et al., 2008, Tsang et al., 2017, Yoshizawa et al., 2018, 
Oceguera-Figueroa et al., 2016, Cameron, 2014), but also vertebrates such as in fish, frogs, 
salamanders and amphisbaenian lizards (Macey et al., 2004, Miya et al., 2003, Mueller and 
Boore, 2005, Xia et al., 2014, Satoh et al., 2016). Conversely, there are other studies that show 
high levels of conservatism across major taxonomic groups such as beetles, echinoids, batoids 
and elasmobranchs (Sheffield et al., 2008, Bronstein and Kroh, 2018, Gaitán-Espitia et al., 
2016, Amaral et al., 2018). While decapod mitogenomes clearly showcase a high diversity of 
MGO patterns as a whole (59 MGOs across 246 species), it is premature to claim that this 
degree of diversity is unusual or comparable to that of other metazoan groups since results are 
influenced by the number of mitogenomes compared (i.e. scale of comparison), the taxonomic 
level of interest or as a result of unbalanced or biased sampling. We therefore highly 
recommend interpreting the findings from any comparative analyses with caution especially 
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those still lacking representation for major groups and again, urge for more consideration to be 
given to better sampling strategies. 
 
Comprehensive studies on the evolutionary trends of mitogenomes (both small and large scale) 
are also emerging for various animal groups, following the increased availability of 
mitogenomic resources (Plazzi et al., 2016, Lagisz et al., 2013, Lavrov and Pett, 2016, Bernt 
et al., 2013a, Plazzi et al., 2017, Song et al., 2016b, Tang et al., 2018, Sheffield et al., 2008). 
To determine if there are other aspects of the decapod mitogenome that may show clade-
specific associations, aside from the arrangement of genes, we compared additional aspects of 
the molecular architecture and composition of mitogenomes across the major decapod groups. 
Mitogenomes analysed in this study are generally around 16 kbp in length, though some 
outliers were identified (17 – 20 kbp) with lengths inflated by a higher proportion of unassigned 
regions, i.e. containing more than one putative control region (e.g. Metanephrops species (Ahn 
et al., 2016)) or relatively long stretches of intergenic spaces such as in most Potamoidea 
species (Segawa and Aotsuka, 2005, Wang et al., 2016). Though proportions of unassigned 
regions may potentially be the discerning feature for some taxonomic groups (Ghikas et al., 
2006), this notion should also be treated with caution as the sizes of these regions may be 
influenced by the assembly or annotation methods used to predict genes, exemplified by the 
identification of three trnL genes by Segawa and Aotsuka (2005) as opposed to only two copies 
reported following re-annotations by MITOS in this study (Bernt et al., 2013d). But generally, 
decapod mitogenome sizes are relatively stable compared to those of other metazoan groups 
such as bivalves, nematodes and sponges that exhibit strong heterogeneity in size (Gissi et al., 
2008), with some larger molecules spanning lengths of over 20 kbp and even up to 48 kbp (Hou 
et al., 2016). 
 
Chapter 5: The full circle | 126 
Strand and nucleotide composition asymmetries are other mitochondrial characteristics that 
have been noted to vary across animal groups (Min and Hickey, 2007, Clare et al., 2008, Foster 
et al., 1997, Eberhard and Wright, 2016, Sun et al., 2018b). In this study, we point out observed 
trends from PCA plots that suggest molecular signatures for certain decapod groups. Similar 
to insects, annelids and arachnids, decapod mitogenomes are generally AT-rich, as opposed to 
lower compositional AT bias often observed in chordates (e.g. fishes, birds, reptiles) 
(Castellana et al., 2011). Within the Decapoda itself, recognisable clusters were observed for 
Caridea (average: 65%, range: 59% to 70%) and Brachyura (average: 71%, range: 65% to 77%) 
with minor overlaps. Interestingly, these two infraorders are also often reported to be among 
the most basal and derived decapod groups, respectively, in many phylogenetic studies 
(Ahyong and O’Meally, 2004, Shen et al., 2013, Tan et al., 2018b, Tan et al., 2015, Tsang et 
al., 2008, Bracken et al., 2010, Dixon et al., 2003), possibly lending support to the notion of 
mutational biases initially found in bacteria, i.e. the tendency for mutations to transition (G→A 
or C→T) (Hershberg and Petrov, 2010, Hildebrand et al., 2010, Van Leuven and McCutcheon, 
2012, Ovchinnikov and Masta, 2012, Sloan and Wu, 2014) and since mitochondria are 
descended from bacteria (Gray et al., 1999), it is not surprising to observe increased AT content 
in mitogenomes of more derived groups. 
 
Other noteworthy features include positive GC-skew values that appear to be a unifying 
characteristic for all northern hemisphere freshwater crayfish (Astacoidea) as well as for the 
four Coenobita anomuran species included in this study, as opposed to negative GC-skew 
values for most other decapods. Further, species from infraorders Axiidea and Gebiidea are 
well separated due to substantial differences in compositional bias and asymmetry, which, in 
addition to previous reports from phylogenetic and MGO analyses (Bracken et al., 2009b, Chu 
et al., 2016, Lin et al., 2012, Robles et al., 2009a), is consistent with their status as separate 
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infraorders instead of united in what was once the Thalassinidea (Ahyong and O’Meally, 2004, 
Poore, 1994, Scholtz and Richter, 1995, Dixon et al., 2003). On the other hand, data points for 
anomuran species are dispersed across all plots, highlighting their higher plasticity and 
mitogenomic variability within this infraorder notorious for its morphological and ecological 
diversity, including the convergent evolution of the “crab” form (Cunningham et al., 1992, 
Morrison et al., 2002, Noever and Glenner, 2018, Tan et al., 2018c, Tsang et al., 2011) and 
taxonomic controversies (Ahyong et al., 2009, Schnabel et al., 2011, Ahyong et al., 2010, 
McLaughlin et al., 2007). 
 
For all discussed groups with their own unique signatures, it is of interest to see if these patterns 
still hold when more mitogenomes are included in future analyses. Though this study is limited 
in scope to comparisons across whole mitogenomes, we recognise that this only skims the 
surface of the range of possible compositional comparisons (e.g. at the gene level) and that 
there are a myriad of other factors that can be included in further detailed investigations, e.g. 
testing different codon sites (Perna and Kocher, 1995, Reyes et al., 1998) or the effects of these 
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5.5 Conclusion 
Moving forward, further research is needed to contrast the composition and architecture of 
mitogenomes across other metazoan groups to determine if our observed trends are common 
or specific to the Decapoda. As more mitogenomic data is made available, coupled with 
bioinformatics tools such as the MGO analysis feature in the MitoPhAST pipeline, it becomes 
increasingly feasible to conduct more complete and larger-scale comparisons for any animal 
group of interest in the future, the bottleneck now being to ensure that annotations in public 
database entries are accurate, which in this study was still a manual process. We have been 
fortunate to benefit from mitogenomes generated by various research groups that have 
contributed to enriching these resources for the order Decapoda but also realise that there is 
still need for new mitogenomes, carefully sampled to achieve a more balanced representation 
of infraorders. More importantly, by demonstrating what is possible for large-scale 
comparative MGO analyses in this study, it is our hope to inspire the undertaking of future 
research equivalent to or surpassing the extent of this study, contributing as a collective to the 
eventual reformation of the field of mitochondrial genomics. 
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Chapter 6: More from less 
Exploring the potential of genome skimming of nuclear markers, a case 
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6.1 Introduction 
Outputs from second-generation sequencing (SGS) platforms enable the rapid and inexpensive 
assembly of animal and plant genomes (Austin et al., 2015, Austin et al., 2017, Tan et al., 
2018a, Li et al., 2009, Colbourne et al., 2011). While this supports global collaborative efforts 
aiming to sequence an ever increasing diversity of species for tackling large-scale and 
ambitious biodiversity assessment and phylogenomic projects (Lewin et al., 2018, i5K-
Consortium, 2013), for certain animal and plant groups with large and repetitive genomes, the 
problem of generating sufficient data for comprehensive phylogenetic and biodiversity-related 
studies can still be challenging. 
 
Consequently, an increasing number of laboratories are using SGS to generate partial genome 
sequences at low cost (Gan et al., 2014) but with sufficient coverage to consistently recover 
highly-repetitive genes (Gan et al., 2018, Tan et al., 2018c) for potentially large numbers of 
individuals for phylogenetic analyses. These studies have mostly focussed on the recovery of 
genes from plastid genomes that are highly abundant in cells. While these genes are useful for 
taxonomic purposes, they can either be rapidly (animal mitochondrial) or slowly-evolving 
(plant mitochondria) and therefore limited in their power to consistently recover relationships 
over a range of evolutionary depths. Further, evolutionary relationships from mitochondrial 
genes have the limitation that they are linked and therefore represent just a single gene tree that 
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may not reflect the true evolutionary history of the group under study (Timm and Bracken-
Grissom, 2015). 
 
A relatively recent development that can help address these limitations is the discovery that 
repetitive nuclear genetic elements, predominantly from the nuclear ribosomal cluster, can also 
be recovered from partial genome scans (i.e. genome skimming). The data derived by genome 
skimming (GS), defined as a method to obtain the high-copy fraction of a genome via shallow 
sequencing (Straub et al., 2012), contain numerous reads from repetitive nuclear genes 
(Besnard et al., 2016, Govindarajulu et al., 2015, Richter et al., 2015, Straub et al., 2012, 
Zimmer and Wen, 2015, Dodsworth, 2015, Malé et al., 2014). In recent studies on decapod 
crustaceans, we showed that we could not only consistently recover genes from the nuclear 
ribosomal cluster (18S and 28S), but that it was also possible to retrieve a protein-coding gene 
(histone H3) (Grandjean et al., 2017, Tan et al., 2018c). 
 
This study explores the potential of GS using decapod crustaceans, a group with typically large 
genomes ranging from 1 to 40 Gbp, as proof of concept. Expanding upon Grandjean et al. 
(2017) and Tan et al. (2018c), we investigate the use of GS to recover non-traditional repetitive 
nuclear genes from a diverse range of decapod species (99 species, 69 genera, 38 families, 10 
infraorders) and demonstrate the consistent recovery of three more nuclear histone genes (H2A, 
H2B and H4) from partial genome scans. A new version of MitoPhAST (v3) is also described 
in this paper and was used to perform phylogenetic analyses based on various combinations of 
the recovered nuclear and mitochondrial genes. Finally, by asking the question ‘what else can 
we get?’, we further evaluate the potential of GS by recovering several nuclear intron-less 
genes typically present in high copy numbers as well as finding known informative genes 
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(NaK, PEPCK) (Chu et al., 2016) and the GAPDH housekeeping gene in datasets with slightly 
increased coverage. 
 
6.2 Material and Methods 
6.2.1 Genome skimming for four nuclear histones, 18S and 28S ribosomal RNA genes 
This study used low coverage Illumina data obtained from previous projects for 99 decapod 
species from 10 decapod infraorders within the suborder Pleocyemata (Supplementary Data 
S6.1), with the exclusion of the sister suborder, Dendrobranchiata. Genome skimming to 
extract histone (H2A, H2B, H3, H4) and ribosomal RNA (18S, 28S) genes was performed as 
previously described (Grandjean et al., 2017). Briefly, all four histone genes were recovered 
using contigs from either the de novo assembly or baited assemblies using sequences from 
closely-related organisms. Open-reading frames (ORF) were predicted from contigs with 
getorf (-minsize 30, -find 1 for nucleotide and -find 3 for amino acid) from EMBOSS v6.6.0 
(Rice et al., 2000), followed by the identification of target genes based on sequence homology 
with blastp v2.6.0+ (Altschul et al., 1990). Recovery of these genes was also tested on the same 
12 non-decapod datasets used in Grandjean et al. (2017), which included both vertebrate and 








Chapter 6: More from less | 132 
Table 6.1 Recovery of four nuclear histone genes in 12 non-decapod species across multiple 
metazoan classes 





Recovered gene length (bp) 
H2A H2B H3 H4 
Chordata Actinopterygii Gadopsis marmoratusa Fin clip 459 Mb 219 243 408 198 
  Oryzias latipes
b SRA 1 Gb 384 372 408 309 
 Aves Corvus splendens
c Liver 813 Mb 387 378 408 309 
 Chondrichthyes Pastinachus atrus
d Muscle 3.45 Gb 381 372 408 309 
 Mammalia Gallus gallus
e SRA 2 Gb 417 378 408 309 
  Rattus norvegicus
f SRA 4.9 Gb 390 378 408 309 
Mollusca Bivalvia Lutraria rhynchaenag Muscle 623 Mb 372 372 408 309 
  Tridacna squamosa
h Muscle 203 Mb 378 375 408 309 
 Gastropoda Babylonia areolata Muscle 61 Mb 387 366 408 - 
Arthropoda Branchiopoda Triops australiensisi Whole 920 Mb 372 369 408 309 
 Maxillopoda Lepas anserifera Whole 425 Mb 369 366 408 309 
  Pandarus rhincodonicus
j Whole 480 Mb 372 - 408 - 
Raw reads were obtained from various internal projects and databases: 
 a Gan et al. (2016c); b ERR110365 (SRA); c Krzeminska et al. (2016); d Austin et al. (2016a); e SRR2131206 
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6.2.2 Phylogenetic analyses and phylogenetic informativeness profiles 
Maximum-likelihood phylogenetic analyses were conducted with MitoPhAST v3, detailed in 
Supplementary Data S6.2 (Tan et al., 2015, Abascal et al., 2010, Castresana, 2000, Guindon et 
al., 2010, Katoh and Standley, 2013, Kück and Longo, 2014, Nguyen et al., 2015, Minh et al., 
2013), to construct trees based on various combinations of mitochondrial and nuclear genes. 
Since all four histone genes show minimal variation at the protein level across all infraorders 
(most sharing  90% identity), analyses were limited to only nucleotide-based datasets 
consisting of protein-coding genes (PCG) and ribosomal RNAs (rRNA) from mitochondrial 
(mito) and/or nuclear (nuc) origins: 
I.  13 mito PCGs 
II. 2 mito rRNAs 
III. 4 nuc histones 
IV. 2 nuc rRNAs 
V. 13 mito PCGs + 2 mito rRNAs 
VI. 4 nuc histones + 2 nuc rRNAs 
VII. 13 mito PCGs + 2 mito rRNAs + 4 nuc histones + 2 nuc rRNAs 
 
Further, using a dataset of only protein-coding genes, we constructed an ultrametric tree 
(details in Supplementary Data S6.3) (Bouckaert et al., 2014, Darriba et al., 2012, Rambaut et 
al., 2018) and used PhyDesign (López-Giráldez and Townsend, 2011) to obtain profiles of 
phylogenetic informativeness for each gene. 
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6.2.3 Preliminary scan for intron-less nuclear genes 
A set of 640 intron-less nuclear genes was downloaded from the Intronless Gene Database 
(IGD) (Louhichi et al., 2011) as target gene candidates to simplify the search strategy, since 
these lack exon-intron structures. Using ORFs previously predicted from assemblies ( 50 
amino acid characters), single-copy orthologs of intron-less genes were identified with 
OrthoFinder v2.2.7 (Emms and Kelly, 2015). Subsequently, the presence and absence of 
intron-less genes detected are visualised with the pheatmap R package (Kolde and Kolde, 
2018). 
 
6.2.4 Genome skimming applied on datasets of variable sequence depths 
Data from a fish species (Amphiprion ocellaris, Tan et al. (2018a)) and a crayfish species 
(Cherax quadricarinatus, unpublished data) with estimated genome sizes of 1 Gbp and 5 Gbp, 
respectively, were subsampled to generate multiple short read datasets at sequencing depths of 
0.1, 0.5, 1, 2 and 3. Using OrthoFinder v2.2.7 (Emms and Kelly, 2015) as previously 
described, these datasets were scanned for: (1) intron-less genes, (2) the housekeeping gene 
GAPDH, and (3) NaK and PEPCK typically applied to multiple decapod phylogenetic analyses 
(Tsang et al., 2008, Tsang et al., 2014, Chu et al., 2016). 
 
6.3 Results 
6.3.1 Genome skimming recovers additional histone genes 
Raw sequences used in this study are available on the Sequence Read Archive (SRA) under 
BioProject PRJNA485382, accession numbers listed in Supplementary Data S6.1. Genome 
skimming recovered three new histone genes (H2A, H2B, H4), and the same H3, 18S and 28S 
rRNA genes recovered by Grandjean et al. (2017) for all decapod species with minor 
exceptions (Supplementary Data S6.1, Supplementary Data S6.4). For five species, only partial 
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28S rRNA genes were recovered, but with large gaps, and so these were excluded from further 
analyses and only partial histone H1 were obtained for 25 samples. The average sequence 
lengths for each recovered histone gene corresponds to expected full-length sizes. Per-gene 
coverage analysis showed an average of ~100× for the mitogenome but were generally much 
higher for the nuclear genes (~300×) (Supplementary Data S6.1). Based on sequences from all 
99 decapod species, Figure 6.1A illustrates pairwise sequence identity for each mitochondrial 
and nuclear gene, showing an overall higher sequence divergence for mitochondrial genes. 
 
Similarly, in the 12 datasets from metazoan species, we were able to fully recover the three 
additional histone genes for most tested species (Table 6.1), the exceptions being partial genes 
for the river blackfish (Gadopsis), missing H4 for the snail (Babylonia) and missing H2B and 
H4 for the parasitic copepod (Pandarus). Identity matrices in Figure 6.1B and Supplementary 
Data S6.5 indicate overall highly-conserved protein sequences for all four histones, with 
slightly higher variability observed for H2A and H2B genes. At the nucleotide level, histone 
sequences are relatively more divergent (average identities 83.0% to 85.4%) with noticeably 
greater levels of differentiation at higher taxonomic levels. In contrast, pairwise identities of 
COX1 at the amino acid level show obvious sequence differences (average identity 84.8%) 
with higher divergence levels when comparisons were done based on nucleotide characters 
(average identity 75.0%). 
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Figure 6.1 Sequence identities and phylogenetic analyses with mitochondrial and nuclear genes. A. Based 
on 99 decapod species, a higher overall divergence level is observed for mitochondrial genes than for nuclear 
genes with average identities of 69% and 93% identities, respectively. B. Matrices show pairwise sequence 
identities for the nuclear histone H3 gene compared to the mitochondrial COX1 gene, at both the nucleotide and 
amino acid levels. Identity scale runs from 50 to 100%. These comparisons were conducted on 111 species as it 
includes 12 other metazoan species, indicated with black bars along the axes of each matrix. C. Maximum-
likelihood phylogenetic trees constructed from seven datasets representing different combinations of 
mitochondrial and nuclear genes. Collapsed into various decapod infraorders, branch lengths of every 
phylogenetic tree are adjusted to the same scale. High SH-aLRT / UFBoot support values are indicated with closed 
circles (100/100) and open circles (SH-aLRT  80%, UFBoot  95%). Unlabelled nodes have mid-level support 
values whereas extremely weak nodes are labelled with grey rectangles (< 50% for either SH-aLRT or UFBoot). 
D. Phylogenetic informativeness profiles of 13 mitochondrial protein-coding genes and 4 nuclear histone genes. 
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6.3.2 Phylogenetic analyses recover variable topologies and generally short internodes 
at deeper taxonomic levels 
Maximum-likelihood phylogenetic trees from the seven datasets are shown in Figure 6.1C, 
with clades collapsed into infraorders. Rooted with the Caridea, tree topologies vary depending 
on the dataset. In all trees, there is generally good nodal support for each infraordinal clade 
represented by high SH-aLRT (Guindon et al., 2010) and ultrafast bootstrap (Minh et al., 2013) 
values (SH-aLRT  80%, UFBoot  95%). In contrast, nodes at the deeper level are mostly 
unsupported, especially in trees based on histones and/or nuclear rRNAs. With branch lengths 
in all trees adjusted to the same scale, trees based on these nuclear-only datasets also have 
shorter deep internodes whereas trees based on mitochondrial datasets have relatively longer 
internodes and even longer branch lengths (Supplementary Data S6.6). Phylogenetic 
informativeness (PI) profiles of mitochondrial and nuclear protein-coding genes are shown in 
Figure 6.1D, including additional PI profiles obtained for alignments with only codon positions 
1+2 or 3 separately in Supplementary Data S6.7. In all analyses, the fast-evolving 
mitochondrial genes generally yielded the highest informativeness, whereas all four histone 
genes show the lowest utility for most of the tested time scale, slightly exceeding ATP8 in 
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6.3.3 Scan for intron-less genes detects presence of high copy number genes 
Figure 6.2 displays the 45 intron-less genes detected, with those in majority of datasets 
indicated by long horizontal stretches of black squares and marked with red arrows. Most of 
these are genes often present in high copy numbers such as beta-actin-like protein (ACTBL2) 
or highly-repetitive transposable elements including Piggybac (PGBD4) and various Tigger 
(TIGD1, TIGD7) subfamily genes. Histograms of sequence data (Gbp) and the estimated 




Figure 6.2 Presence of 4 nuclear histone genes, 18S rRNA, 28S rRNA and 45 other intron-less protein-
coding genes in 99 partial decapod genome scans. Black and grey squares represents the presence and absence 
of a gene, respectively. Out of a total of 640 intron-less genes searched, single copy orthologs were detected for 
45 intron-less genes in at least 10 decapod datasets (out of 99 total indicated in parentheses) and are reported in 
this figure. Red arrows highlight genes detected in > 50% of decapod datasets tested in this study. Sequence depths 
are approximated based on genome sizes from the Animal Genome Size Database. For species lacking genome 
size information, the genome sizes of different species from the next-closest genus, family or infraorder are 
averaged to provide the next best estimate of a genome size. 
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6.3.4 Increased sequence depths positively impacts the number of nuclear loci 
recovered 
More intron-less genes were detected at elevated coverages in both the fish and crayfish 
samples, with relatively better performance for the former (Table 6.2). For both species, partial 
NaK, PEPCK and GAPDH nuclear protein-coding genes were also detected in datasets with at 
least 1 coverage. 
 
Table 6.2 Recovery of nuclear gene fragments from fish (~ 1 Gbp genome) and crayfish (~ 5 
Gbp genome) datasets at variable sequencing depths 











NaK PEPCK GAPDH 
0.1 100 Mbp 4 - - - 500 Mbp 4 - - - 
0.5 500 Mbp 32 - - - 2.5 Gbp 18 - - - 
1.0 1 Gbp 82 ✓ - ✓ 5 Gbp 58 - ✓ ✓ 
2.0 2 Gbp 149 ✓ ✓ ✓ 10 Gbp 87 ✓ ✓ ✓ 




This study uses a decapod sequence dataset as a case study to investigate the potential of 
genome skimming (GS). Using datasets previously generated for the recovery of mitogenomes, 
we demonstrate the recovery of two nuclear rRNA genes and four histone genes across major 
decapod groups and a diversity of metazoan species. Three of the histone genes have scant 
representation in public databases (H2A, H2B, H4) and have not been previously reported from 
any GS study. 
 
Furthermore, the detection of additional highly-abundant intron-less genes from low coverage 
data as well as a few notable protein-coding genes from higher-depth data underscores the 
untapped potential of these already-existing raw genomic data used for small-scale 
Chapter 6: More from less | 140 
mitogenome recovery or microsatellite marker identification projects. Thus, many researchers 
are unaware of the treasure troves of potential genomic markers already available for their 
species of interest, be it in the form of public sequence databases (Leinonen et al., 2011) or as 
in-house generated datasets. More importantly, the application of GS transcends the evolution 
of sequencing platforms, permitting one to recycle data generated not only from the more recent 
platforms (e.g. NovaSeq, HiSeq, MiSeq) but also older ones (e.g. Illumina GAIIx, SOLiD, 
Roche 454) (Besnard et al., 2016, Govindarajulu et al., 2015, Grandjean et al., 2017, Straub et 
al., 2012). 
 
While GS seems promising for effectively retrieving new genomic markers, it can be 
challenging to identify the sweet spot at which the necessary sequence coverage can be 
minimised while accommodating for differences in genome size, the age or source of genetic 
material (e.g. tissue type, preservation method), systematic biases in sequencing (Tilak et al., 
2018, Aird et al., 2011) and the relative abundance of mitochondria and nuclear copies among 
samples (Barazzoni et al., 2000, Herbst et al., 2017). In this study, total amount of data for a 
decapod species ranges from 93 Mbp to 3.4 Gbp, with an average of 807 Mbp. Irrespective of 
the data size, we observed variable levels of mapping coverage for the mitogenome and nuclear 
markers and while generally higher sequence depths were observed for nuclear histones and 
rRNA relative to the mitogenome, several datasets show contrary patterns. Similar 
observations for non-decapod datasets saw successful recovery of histone H2B and H4 for the 
stalked barnacle (Lepas anserifera, 425 Mbp sequence data) but not for the parasitic copepod 
with a similar data size (Pandarus rhincodonicus, 480 Mbp sequence data) (Table 6.1). In the 
latter situation, though we have attempted GS using seed sequences from multiple close 
copepod relatives, we do not rule out the possibility that the seed sequences used may have still 
been too divergent and perhaps ineffective in recovering these conserved genes. 
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The subsampling of sequence data for the fish and crayfish datasets with known approximate 
genome sizes has allowed us to minimally assess the effects of coverage on the recovery of 
different sets of genes (Table 6.2). For both organisms, nuclear intron-less genes were easily 
recovered from extremely low coverage datasets (~1), this number substantially increasing 
with added sequence data. With more data, NaK, PEPCK and GAPDH genes were consistently 
detected in datasets of at least 1 coverage. Recovery of genes are generally more effective in 
the fish dataset compared to that of the crayfish, which is not unexpected since decapod 
genomes are typically larger and more complex (Kenny et al., 2014, Song et al., 2016a, 
Gutekunst et al., 2018, Kao et al., 2016, Yuan et al., 2017). As a result, we recommend 
sequence coverage of about 2 to 3 as the optimal range for the GS approach, subject to 
adjustments according to the species and target genes of interest. The GS method could benefit 
from further improvement especially in the process of recovering genes, moving away from 
the use of seed sequences to other signature profiles and functional domains as identification, 
especially when targeting highly-divergent genes. 
 
It is frequently argued that mitochondrial genes are inappropriate when used as the sole marker 
for inferring evolutionary relationships (Ballard and Whitlock, 2004, Bracken et al., 2009a, 
Hurst and Jiggins, 2005), with studies now including several nuclear markers (Boisselier-
Dubayle et al., 2010, Bracken-Grissom et al., 2014, Bracken-Grissom et al., 2013, Grandjean 
et al., 2017, Porter et al., 2005, Schultz et al., 2009, Tsang et al., 2008, Tsang et al., 2014). 
While it was expected for mitogenome-based trees to have better resolution at shallow nodes 
and weaker support at more ancient divergences consistent with our earlier studies, the addition 
of nuclear-based information gave incongruent topologies and extremely short internodes, 
recalcitrant to any clear resolution of relationships at the deeper levels. This was further 
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corroborated by the phylogenetic informativeness (PI) profiles of the four histone genes 
showing low utility across the whole tested time scale relative to that of mitochondrial protein-
coding genes, regardless of codon positions considered. While PI profiles of these genes 
generally show limited utility in resolving specifically deep decapod infraordinal relationships 
in this study, we believe that the GS approach still holds potential for resolving relationships 
at other levels of divergences. It is also possible that final constructed trees were skewed under 
stronger mitochondrial influence (Wiens et al., 2010, Fisher-Reid and Wiens, 2011), a caveat 
to be investigated in future studies. 
 
The infraordinal relationships within Decapoda remains unresolved and in need of ongoing 
investigation (Bracken et al., 2009a, Shen et al., 2013, Tan et al., 2018b, Tan et al., 2015). 
While histone H2A and H2B genes recovered with GS are slightly more variable compared to 
only H3 often used in phylogenetic studies, histones generally showed low levels of sequence 
divergence among decapod species, thereby limiting their phylogenetic utility for this group. 
However, these protein-coding markers displayed sufficient divergence across different 
metazoan classes to be useful for studies of deep relationships among animal groups. Intron-
less genes should be treated with a degree of caution since highly-repetitive genes such as 
transposable elements often undergo horizontal gene transfer events, potentially distorting 
phylogenetic signals (Fortune et al., 2008, Schaack et al., 2010). On the other hand, with 
slightly elevated sequence coverage, GS can likely routinely recover protein-coding genes such 
as NaK and PEPCK, known to be informative in resolving decapod phylogenetic relationships 
(Chu et al., 2016, Tsang et al., 2008, Tsang et al., 2014). 
 
As the cost of sequencing continues to plummet, the prospect of GS as an effective tool for 
generating datasets for phylogenetics are increasing bright. Most of the samples used in this 
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study were less than 1 coverage at a cost of several hundred dollars/sample. Using costing 
based on a NovaSeq (Deakin Genomics Centre) we estimate that over 5 Gb of data can now be 
generated for less than $100/sample and that with increased coverage, will consistently yield a 
greater range of nuclear markers that can be routinely used for phylogenetics. 
 
6.5 Conclusion 
Genome skimming has been successfully used to recover genes typically used in phylogenetic 
studies and this method is capable of recovering genes that have not been previously 
considered. This finding, coupled with decreasing sequencing costs, will lead to greater use of 
GS as a rapid and efficient method for generating a greater diversity of markers for 
phylogenetics studies from genomic resources. The potential of GS easily extends beyond the 
realm of phylogenetics, possibly contributing to barcode or primer development where no 
previous genomic resources exists. Therefore, we recommend that studies should routinely 
submit NGS sequence files to public data bases so that these valuable datasets are available to 
the research community for the purpose of genome skimming. 
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Chapter 7: General Discussion 
 
This thesis has provided original contributions in the form of new knowledge and genomic data 
pertaining to the mitogenomics and evolution of decapod crustaceans. Through this study, 
several objectives were achieved and described in the following section, the impacts of which 
are discussed further below. 
 
7.1 Original contributions and outcomes 
7.1.1 Decapod mitogenomes - new data 
At the commencement of this study, several decapod infraorders were pre-identified as groups 
devoid of or with scarce mitogenome representation. Of notable and significant interest are 
infraorders Glypheidea, Polychelida and Stenopodidea, the first group neglected in 
mitogenome-based phylogenies and the latter two only represented by a single species each 
(Shen et al., 2013, Tan et al., 2015). Overall, chapters in this thesis report the mitochondrial 
genomes of 48 decapod species sequenced in this study, all of which are available on GenBank 
under individually-assigned accession numbers (Table 7.1). Contributions per infraorder in 
descending quantity is as follows: Anomura [12], Brachyura [8], Gebiidea [6], Polychelida [5], 
Caridea [4], Achelata [3], Axiidea [3], Stenopodidea [3], Astacidea [2] and Glypheidea [2]. 
Most importantly, this study took full advantage of an established sequencing and 
bioinformatics pipeline to sequence, assemble and annotate mitogenomes (Gan et al., 2014), 
demonstrating the convenience of recovering complete mitogenomes in a rapid and cost-
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Table 7.1 Compiled list of 48 mitogenomes contributed in this thesis. 




Achelata [3] Scyllaridae Ibacus alticrenatus MG551493 Chapter 5 
 Scyllaridae Remiarctus bertholdii MG551497 Chapter 5 
 Palinuridae Puerulus angulatus MG551496 Chapter 5 
     
Anomura [12] Aeglidae Aegla longirostri sensu lato MF457407 Chapter 4 
 Chirostylidae Gastroptychus investigatoris KY352237 Chapter 4 
 Chirostylidae Gastroptychus rogeri KY352238 Chapter 4 
 Munididae Munida isos MF457406 Chapter 4 
 Albuneidae Stemonopa insignis KY352240 Chapter 4 
 Lomisidae Lomis hirta KY352239 Chapter 4 
 Coenobitidae Coenobita brevimanus KY352233 Chapter 4 
 Coenobitidae Coenobita perlatus KY352234 Chapter 4 
 Coenobitidae Coenobita rugosus KY352235 Chapter 4 
 Coenobitidae Coenobita variabilis KY352236 Chapter 4 
 Coenobitidae Birgus latro KY352241 Chapter 4 
 Pylochelidae Pylocheles mortensenii KY352242 Chapter 4 
     
Astacidea [2] Parastacidae Ombrastacoides huonensis MG551494 Chapter 5 
 Parastacidae Parastacus brasiliensis MG551495 Chapter 5 
     
Axiidea [3] Strahlaxiidae Strahlaxius plectrorhynchus MH234571 Chapter 5 
 Callianassidae Callianassa ceramica KU350630 Chapter 3 
 Callianassidae Trypaea australiensis KM501040 Chapter 3 
     
Brachyura [8] Oziidae Epixanthus frontalis MF457404 Chapter 4 
 Gecarcinidae Cardisoma carnifex MF461623 Chapter 4 
 Grapsidae Pachygrapsus marmoratus MF457403 Chapter 4 
 Macrophthalmidae Macrophthalmus darwinensis MF457408 Chapter 4 
 Ocypodidae Cranuca inversa MF457405 Chapter 4 
 Ocypodidae Tubuca polita MF457400 Chapter 4 
 Ocypodidae Tubuca capricornis MF457401 Chapter 4 
 Pilumnidae Pilumnus vespertilio MF457402 Chapter 4 
     
Caridea [4] Alpheidae Alpheus inopinatus MG551491 Chapter 5 
 Alpheidae Alpheus lobidens KP276147 Chapter 3 
 Atyidae Caridina cf. nilotica KU726823 Chapter 3 
 Palaemonidae Macrobrachium bullatum KM978918 Chapter 3 
     
Gebiidea [6] Axianassidae Axianassa australis MH234568 Chapter 5 
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 Laomediidae Laomedia healyi MH234569 Chapter 5 
 Thalassinidae Thalassina squamifera MG551498 Chapter 5 
 Upogebiidae Gebiacantha plantae MG551492 Chapter 5 
 Upogebiidae Upogebia affinis MH234572 Chapter 5 
 Upogebiidae Upogebia bowerbankii MG551499 Chapter 5 
     
Glypheidea [2] Glypheidae Neoglyphea inopinata KT984196 
KT984197 
Chapter 2 
 Glypheidae Laurentaeglyphea neocaledonica KU500619 Chapter 2 
     
Polychelida [5] Polychelidae Cardus crucifer KX343003 Chapter 5 
 Polychelidae Pentacheles laevis KX343004 Chapter 5 
 Polychelidae Polycheles baccatus MH234570 Chapter 5 
 Polychelidae Polycheles coccifer KX343005 Chapter 5 
 Polychelidae Stereomastis sculpta KX343002 Chapter 5 
     
Stenopodidea [3] Spongicolidae Globospongicola spinulatus KU188326 Chapter 5 
 Spongicolidae Spongicola levigatus KU188325 Chapter 5 
 Stenopodidae Stenopus scutellatus MF741653 Chapter 5 
 
 
7.1.2 An improved MitoPhAST pipeline 
The increasing availability of a large number of mitogenomes in public databases further 
necessitates the constant development of a range of bioinformatics tools that can facilitate the 
extraction and processing of bulk information from GenBank entries (Wernersson, 2005, 
Stothard, 2000), in addition to increased capabilities to perform large-scale phylogenetics and 
a range of comparative analyses (Bernt et al., 2008, Bernt et al., 2007, Plazzi et al., 2016). Few 
of these tools can perform analyses directly from GenBank format files to a final interpretable 
outcome. The steps to extract information from a large number of files and to manipulate them 
into required formats may typically involve the use of scripting or programming languages, a 
technical skill gap that currently still exists in many molecular genetic laboratories. With this 
in mind, the first version of the MitoPhAST pipeline (Tan et al., 2015) 
(https://github.com/mht85/MitoPhAST/tree/master/V1.0) was developed to extract protein 
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sequences from given GenBank files, align multiple sequences and trim ambiguously-aligned 
regions. This was then followed by the construction a maximum-likelihood phylogenetic tree 
based on amino acid characters, partitioned by genes. Work in this thesis further contributes to 
the current suite of available bioinformatics resources via the addition of new features to the 
existing pipeline (Tan et al., 2018c) (https://github.com/mht85/MitoPhAST/tree/master/V3.0), 
resulting in the development of version 3.0 of this tool (Figure 7.1). These enhancements 
include the extraction of nucleotide sequences of mitochondrial protein-coding and ribosomal 
RNA genes from GenBank files followed by nucleotide-based phylogenetic analyses, and 
when provided in the required file formats, the inclusion of nuclear genes to infer a final tree. 
Further, linear mitochondrial gene orders are also summarised for mitochondrial gene order 
(MGO) comparisons as described in Chapter 4 and can be used for large-scale MGO 
comparisons, as performed for 246 mitogenomes in Chapter 5. 
 
Figure 7.1 Summary of the current MitoPhAST workflow and functions. Original parts and functionalities 
present in version 1 are presented in red text. 
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7.1.3 An update on decapod phylogenetics 
A myriad of phylogenetic-related decapod research preceded this study, focussing on 
elucidating the evolutionary history of decapods based on morphological characters (Dixon et 
al., 2003, Keiler et al., 2015, Reimann et al., 2011), short molecular sequences (Crandall et al., 
2000, Bracken-Grissom et al., 2014, Tsang et al., 2008) or a combination of both (Ahyong and 
O’Meally, 2004, Schnabel et al., 2011, Bracken-Grissom et al., 2014). As the recovery of 
mitogenomes becomes increasingly convenient, coupled with the immense popularity of 
mitochondrial genes as a phylogenetic marker (Timm and Bracken-Grissom, 2015), several 
studies have also sought to examine inter-relationships within the Decapoda using nucleotide 
and protein sequences from the full suite of mitochondrial genes (Lin et al., 2012, Shen et al., 
2013, Tan et al., 2015), the largest study being that by Shen et al. (2015) that included 86 
malacostracan species (60 decapod species). Prioritised to address severe taxonomic gaps 
within previous mitogenome-based phylogenies, individual chapters in this thesis gradually 
built upon the data available for lobsters, shrimps and crabs at the time of each publication and 
tested the monophyly and phylogenetic placements of these new contributions within the order 
Decapoda. Ultimately, with the inclusion of sequences from a total of 246 decapod 
mitogenomes, this thesis presents, to our knowledge, the most up-to-date and largest-scale 
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7.1.4 Clade-specific trends in mitogenome architecture and composition 
Chapters in this thesis illuminate the diversity and distribution of mitochondrial gene orders 
(MGOs) throughout the order Decapoda, pointing out highly-conserved patterns in some 
groups while identifying MGO “hot spots” in others. Similar to other studies that have pointed 
out distinctive MGO patterns characterising several smaller taxonomic groups and potentially 
contributing new phylogenetic information (Basso et al., 2017, Dowton et al., 2002, Dowton 
et al., 2003, Gan et al., 2018, Lin et al., 2012, Morrison et al., 2002), this thesis also maps 
predicted series of gene rearrangement events along lineages indicating possible 
synapomorphies and providing an overview of the architectural modification of mitogenomes 
within the context of inferred phylogenetic relationships among 246 decapod species.  
 
Aside from the arrangement of genes, Chapter 5 examines other mitogenomic features 
including nucleotide composition, intergenic regions and codon usage, revealing several clade-
specific trends that may be of evolutionary and ecological interest. Based on the set of complete 
decapod mitogenomes used in this study, molecular signatures defining certain taxonomic 
groups or distinguishing multiple groups were identified and discussed, potentially providing 
additional levels of information that can used to further investigate the evolution of decapod 
mitogenomes. Similar comprehensive studies have also been performed for various animal 
groups including fish, nematodes, bivalves and insects (Bernt et al., 2013a, Lagisz et al., 2013, 
Lavrov and Pett, 2016, Plazzi et al., 2016, Sheffield et al., 2008, Song et al., 2016b, Tang et 
al., 2018, Miya et al., 2003) at both smaller and larger scales. 
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7.1.5 Exploring the further development of the genome skimming approach 
The use of mitochondrial genes as the sole phylogenetic markers for phylogenetic inference 
has been contentious (Hurst and Jiggins, 2005, Ballard and Whitlock, 2004), with more recent 
decapod studies incorporating signal from several nuclear markers (Boisselier-Dubayle et al., 
2010, Porter et al., 2005, Tsang et al., 2014, Bracken-Grissom et al., 2013). The genome 
skimming (GS) approach (Grandjean et al., 2017, Straub et al., 2012) proves to be a cost-
effective method to extract additional nuclear markers from already-existing sequence datasets, 
demonstrated in this thesis through the recovery of four core histones and two nuclear 
ribosomal RNA genes. This was shown possible for datasets for a range of decapod species as 
well as other metazoan classes including mammal, bird, fish, mollusc and arthropod species. 
Further exploration of the potential and utility of GS also detected the presence of several high 
copy number genes across decapod datasets with extremely low coverage (~1), and at slightly 
elevated coverage, the detection of reported phylogenetically-important genes (Chu et al., 
2016). The ability to recycle raw data from other past projects adds to the value of this method 
in diversifying the use of sequence data, in essence, getting more value out of past research 
investments as well as for future studies. Further, since the application of genome skimming 
method transcends the evolution of sequencing platforms, one can revisit data that was 
produced on various earlier generations of sequencing platforms (Besnard et al., 2016, 
Govindarajulu et al., 2015, Grandjean et al., 2017). All these factors combined to make a case 
for genome skimming as a valuable method to increasingly unleash the immense potential of 
past and current sequence resources as treasure troves for genomic markers for phylogenetic 
inference. 
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7.2 Impact 
The current sequencing technology and pipelines that boasts capabilities of recovering whole 
mitogenomes in just a few days (Gan et al., 2014, Timmermans et al., 2010) is expected to 
revolutionise the field of barcoding and mitogenomics more generally. The mitochondrial 
COX1 gene, typically fragments of about 650bp in length, has long been used as the barcode 
of choice for species delimitation in taxonomy and biodiversity-related research (Matzen da 
Silva et al., 2011, Nelson et al., 2007, Barber and Boyce Sarah, 2006, Savolainen et al., 2005). 
Thus, the extensive use of this gene in research globally has given rise to a large amount of 
data available in public repositories, a popular one being The Barcode of Life Data System 
(BOLD) that facilitates the management and quality assurance of barcode data (Ratnasingham 
and Hebert, 2007). However, work in this thesis and an increasing number of other studies 
demonstrate the rapid generating of mitogenomes at low cost (Linard et al., 2018, 
Ramachandran et al., 2019) suggest that it is now plausible to consider retiring the use of a 
mere fragement of the COX1 as a barcode and instead, replacing the practice with whole 
mitogenomes that are typically approximately 16kbp in length. Accompanied with careful 
curation and management of mitogenomic sequences in a dedicated repository such as BOLD, 
this revamp would provide overall greater resolution and discriminatory power in a range of 
systematic and evolutionary research. 
 
Also, in light of the increasing number of whole mitogenomes being reported and described, 
there has been debate on whether more mitogenomes should be generated or if the field has 
reached saturation (DeSalle, 2016, Sanitá Lima et al., 2016, Smith, 2016). However, an 
extensive mitogenome database is still valuable, especially with the relatively recent and 
powerful technology of analysing environmental DNA (eDNA) (Thomsen and Willerslev, 
2015, Epp et al., 2012) that can benefit studies related to biodiversity assessement, ecology and 
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conservation. This technique is essentially a non-invasive approach to obtain genetic material 
directly from samples from a certain environment (e.g. water, soil, food) and to identify current 
or temporary resident of said environment, or product constituents in the case of food, based 
on recovered or assembled genomic sequences, making it a powerful for biodiversity 
monitoring and assessment and food authentication. An example of an existing platform for 
this purpose is the MitoFish database and the MiFish pipeline that performs metabarcoding 
analyses of fish mitochondrial environmental DNA. Though only limited to fish mitogenomes, 
the database acts as a standardised ‘encyclopedia’ containing fish mitogenomic information 
further complemented by the pipeline that enables the search of non-targeted eDNA fragments 
against the reference database (Iwasaki et al., 2013). A new collection, MitochonTrakr, has 
also been reported to provide high quality complete mitogenome references for the detection 
of insects in food products (Ramachandran et al., 2019). Further, there are also other emerging 
techniques that take advantage of information from the mitochondria that are actively explored, 
for instance, mitochondrial metagenomics, mass trapping of invertebrates (metabarcoding), 
assessment of the macro- and microbiome of bulk samples and others (Crampton-Platt et al., 
2016, Gibson et al., 2014, Yu et al., 2012, Tang et al., 2014). Such applications highlight the 
broad diagnostic value of mitogenomic information in a range of environments for a range of 
purposes, justifying the cost and effort to continue generating mitogenomic resources. 
 
For the most part, as the genomic sequencing becomes increasingly affordable, the genome 
skimming approach boasts the potential of harvesting useful markers, both mitochondrial and 
nuclear, for difficult organisms or samples with large and complex genomes. While progress 
in genomic research are increasingly reported in the media, there still exists a large discrepancy 
in the capacities and capabilities between large research groups and smaller laboratories, the 
latter groups often common in developing or third world nations. Research in most of these 
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countries face the hurdle of a lack of resources, be it in the financial sense and/or technical 
skills to undertake large complex analytical and data-processing tasks. However, these are also 
nations that could benefit tremendously from the applications of modern genomics, for 
instance, in studying and curing diseases (Broder et al., 2002, Pal and Mittal, 2004) or in 
improving agriculture and/or breeding practices (Byerlee and Fischer, 2002, Ribaut et al., 
2010). As a result, genomics research in these groups often remain stagnant without much 
progress. Thus, by elaborating on the generation of mitogenomes, the development of the 
MitoPhAST pipeline, the large-scale comparative mitogenomic decapod studies and the 
exploration of the potential of genome skimming as a low-cost approach to mine markers, this 
thesis strives to push the boundaries of research outcomes that can be achieved from a relatively 
small research budget and also to bridge certain technical gaps that currently exist, in hopes of 
further empowering and inspiring these smaller laboratories possibly interested in the 
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7.3 Future Studies 
7.3.1 Using long reads to span gaps 
It is a seemingly straightforward process to assemble mitogenomes from short read sequence 
data often generated on the Illumina platform, the choice technology in most mitogenome 
announcements (Krzeminska et al., 2016, Williams et al., 2014). However, when recovering 
mitogenomes for this thesis, there were sequence datasets that yielded completely unsuccessful 
assemblies, resulting in many small gene fragments, and were excluded from further analyses. 
This thesis also included several incomplete mitogenomes with full genic regions but an 
unresolved control region that often contains high AT content, a technical challenge in Illumina 
library preparation and sequencing (Oyola et al., 2012, Aird et al., 2011). Thus, there are still 
challenges to be addressed to ensure higher success in the process of mitogenome recovery. 
This limitation posed by the short read platform may be complemented with the use of long 
reads generated on third-generation sequencing technologies such as PacBio or Oxford 
Nanopore devices (Eid et al., 2009, Clarke et al., 2009), though with a much higher error rate 
and at a steeper price. There are already studies that utilise long reads for assembling complete 
organelles (mitochondria, chloroplast) (Castro-Wallace et al., 2017, Ferrarini et al., 2013), 
however, at the current cost, this is still a pricey option for organisms with large genomes, 
including many decapods. Hence, future approaches for such animals may favour hybrid 
approaches, combining both short and long read information, to ultimately assemble 
mitogenomes that are both complete and of high quality (McCooke et al., 2015, Chandler et 
al., 2017). 
 
7.3.2 An automated annotation pipeline 
Currently, it is also becoming increasingly feasible to undertake large-scale mitogenomic 
comparisons for any animal group of interest. The bottleneck now lies in ensuring that records 
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in public databases are accurate, which unfortunately, are still rife with mis-annotations (Gissi 
et al., 2008, Nobre et al., 2016). Thus, there is need to check and re-annotate suspicious public 
entries prior to every analysis, a process that had to be done manually throughout this thesis. 
The MitoPhAST pipeline currently flags entries with protein-coding genes that do not contain 
the expected signature prints or functional domains or mitogenomes that do not contain the 
typical number of genes (Tan et al., 2015), in an effort to direct users’ attention to possibly 
erroneous entries. Moving forward, it would be most advantageous to be able to automate the 
accurate annotation of mitogenomes in bulk prior to downstream analyses. 
 
7.3.3 Expanding the application of genome skimming 
The Sequence Read Archive (SRA) is a public repository established to store and preserve raw 
next-generation sequence data, making it a valuable archive of both genomic and 
transcriptomic reads from a variety of experiments (Leinonen et al., 2011). While this thesis 
detected the presence of intronless genes in low coverage genome datasets from decapods and 
a small selection of metazoan classes, the SRA repository provides an extensive resource for 
sequences from a larger range of other animal species that can be tested with the genome 
skimming approach. Subsequent applications of this method can also be further expanded on 
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7.4 Conclusion 
While this thesis centers on investigating the systematics and evolutionary histories within the 
order Decapoda, the techniques introduced or used in my studies are not limited to only 
decapod research but can be applied to research on any other animal or plant groups. It is 
apparent that the large-scale comparative analysis of mitogenomes is no longer an arduous task 
especially as more bioinformatics tools become available, therefore enabling scientists to more 
easily construct phylogenetic hypotheses and investigate comparative mitogenomics and 
genomics. Further, with more exploration and expansion of its potential application, the 
genome skimming approach can provide a fresh alternative to research groups who may be 
tackling large and complex phylogenetic projects requiring substantial taxon sampling that 
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